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Preface 


The past few years have witnessed a dramatic increase in our ability 
to manipulate and study plant cells in culture. The variety of tech¬ 
niques that collectively comprise "plant eeU culture" have permitted 
investigations at many levels—molecular, cellular, and organismal—and 
have been applied to a range of disciplines—biochemistry, genetics, 
physiology, anatomy, and cell biology. Some of the most important 
tools in modern genetics have emerged from work with cultured plant 
cells. These have not only permitted a better understanding of Men- 
delian genetics and cytoplasmic inheritance, but have also resulted in 
new and unique organisms that could not have been derived from sexual 
crosses being developed from anther culture and protoplast fusion 
products. 

The growing realization of the potentialities of plant eeU culture for 
plant props^ation and breeding has itself provided a substantial impetus 
for research. Commercial plant propagation using shoot tip cultures is 
now being implemented, new breeding lines have been selected using 
protoplast fusion, and new varieties have been developed via somaclonal 
variation and from plants derived from cultured anthers. Furthermore, 
the increasing competence to manipulate plant DNA and genes has led 
to the appreciation that cell culture will be necessary to recover 

modified plants. AU in aU, it is now readUy apparent that cell culture 

is the keystone to progress in plant biotechnology. The application 

and development of current techniques is opening the door to a second 
green revolution. 

Although many of the recent developments in this field have been 
chronicled in the proceedings of scientific meetings and the publications 
in refereed, journals, no unified summary of this exciting field is avail¬ 
able. To remedy this, we have tried to bring together in this treatise 
much of the information that until now has been scattered. Three 
aspects of recent research serve as focal points. First, as many devel¬ 
opments have been reported in recent years, there is a need for a 

critical review of the literature. Each chapter contains a discussion of 




key contributions for the topic, including summary tables detailing rele¬ 
vant information. Second, in previous reviews, little emphasis has been 
placed on the actual techniques employed. This series, in contrast, 
focuses on each technique, supplying the reader with the detailed 
protocols that serve as the foundation for current research. Finally, 
recognizing the tremendous potential for this field in fostering new 
^ricultural developments, emphasis has also been placed on the appli¬ 
cations of cell culture to crop improvement. 

It was recognized that in a review such as this no uniform conclu¬ 
sions could be made on the value of each technique for crop improve¬ 
ment. Some cell culture techniques, such as shoot tip propagation, can 
easily be applied to a wide range of crop species, but other tech¬ 
niques, such as protoplast regeneration, are limited to a small number 
of closely related species. Different plants or plant groups present 
special problems for propagation or improvement, and cell culture tech¬ 
niques have been directed toward solving these problems, with varying 
degrees of success. To present such a diverse assortment of topics, we 
have divided the first three volumes into a book on techniques and 
applications and two books on crop species. In this first volume, 
Techniques for Propagation and Breeding, we have included chapters on 
both basic and specialized techniques, the latter including genetic and 
molecular procedures. There are also a number of chapters on modifi¬ 
cations of cell culture techniques for specific goals and on agricultural 
applications to which these techniques are being directed. Volumes 2 
and 3 will present strategies for the use of the tools for improvement 
of specific crop species. 

It is our hope that this multi-volume treatise will be useful to all 
corporate and academic scientists and students interested in keeping 
abreast of this breakthrough area of biotechnology. In addition to 
specific protocols, key references to each topic have been highlighted 
to direct the reader to other useful publications. This is especially 
important, because it is virtually impossible in any compendium to in¬ 
clude all relevant information. It is especially difficult to do so in a 
rapidly developing field where new areas of interest develop in the 
time between planning and publication. Recognizing this, it is our plan 
to remedy any oversight and to report emerging techniques in future 
volumes in this series. It is our objective to develop and maintain a 
current, comprehensive, and useful summary of research in the exciting 
area of plant cell culture. 
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CHAPTER 1 

Reflections on Aseptic Culture 

EC. Steward 


For me the interest in, and initial contact with, the problems of 
tissue and cell cultures arose out of a long period (1929-1940) of 
research upon the recrudescence of active growth and metabolism that 
occurs in thin slices of potato tuber (only a few cells thick) when they 
survive in well-aerated water or very dilute single-salt solutions. This 
directed attention not only to the well-known reactivation of cell divi¬ 
sion as it occurs in moist air at a potato surface, but to the prior 
events in the cells. These events centered around (a) respiration, 
enhanced but limited by access to oxygen and maintained by carbo¬ 
hydrate from starch hydrolysis, (b) protein synthesis from endogenous 
supplies of nonprotein nitrogen compounds, and (c) the ability of the 
cells to harness this metabolism and available energy to the uptake of 
water and accumulation of inorganic salts which occurred concomitant¬ 
ly. Thus the fully mature cells of potato tubers remained, even after a 
long period of quiescence in the storage organ, capable when appropri¬ 
ately aroused of many of the activities associated with growing cells. 
All this occurred independently of buds on the tuber which normally 
give rise to shoots when they grow. 

It was a new turn in this ongoing research (after the hiatus of World 
War II) that led specifically into the main topic here in question. A 
search was made for experimental material that could be manipulated 
aseptically in solution and could be maintained either in a state of 
relative quiescence, on the one hand, or contrasted with the same 
clonal material prompted to grow rapidly by cell proliferation, on the 
other. This aim was best satisfied by the use of explants drawn from 
the storg^e root of the carrot. These explants, sufficiently minute (less 
than 3 mg) to be obtained far enough from vascular cambium (ca. 2-3 



2 


Introduction: Jtteiieciions on /iseptic uunures 


mm), and remote from the vascular supplies to lateral roots, contained 
only mature phloem parenchyma cells which were ideal for the purpose. 
Their endogenous content of growth promoting stimuli were unable to 
induce more than a minimal swelling by intake of water, even under 
the most favorable conditions of oxygen supply and temperature. 
However, when the tissue explants had free access to a normally 
complete heterotrophic nutrient medium, containing essential salts, 
sugars, and vitamins, and to appropriate stimuli to their growth and 
cell division, they could grow apace. The effective stimuli that 
released this rapid though unorganized growth were those contained in 
the natural liquid endosperm of the coconut or in a solution or extract 
from certain morphologically similar sources. By the use of this sys¬ 
tem, under standardized conditions especially devised for its experi¬ 
mental control, the many contrasts between the normally quiescent 
carrot cells and their rapidly growing counterparts were described, and 
the causal agents in the ambient media that aroused all this activity 
were investigated (cf. Steward, 1968 and references there cited). 

The following general points should be stressed here. Although many 
surviving mature cells of angiosperms retain an innate capacity to 
grow, it was realized early that the release of this capacity (i.e., 
growth induction) and its full expression was not to be attributed 
solely to any single agent (certainly not to the then ubiquitous auxin, 
lAA, alone). On the contrary, it results from the interactions of 
numerous constituents of the ambient media that need to be present 
acceptably to the plant material in question. Moreover, this "accept¬ 
ability" must take account of inherent differences that arise from the 
morphology at the source, from the variety within the species, from the 
environment during its cultivation, and especially of its state of devel¬ 
opment. Above all, these factors vary greatly from one specific source 
to another. All this bred an early scepticism concerning the merit of 
the highly touted specific "tissue culture" media often identified with 
the names of their respective advocates. But nature easily overrides 
whatever limitations or virtues are implied by these numerous specific 
recipes; nature recognizes no proprietary rights to the governing prin¬ 
ciples of growth, nor should we. 

But the early excursion into the use of asepticaUy cultured carrot 
phloem explants to study their growth induction and metabolism would 
not alone have led to an invitation to write this introduction were it 
not for another unexpected development. This came when it was real¬ 
ized that the rapidly proliferating small carrot explants, growing at 
their best rates in slowly rotated special flasks, will spontaneously 
release free ^ and viable cells to the ambient medium. These cells, 
which bear little visible resemblance to the cells of the original carrot 
explants, were first seen to survive, then to divide and, later, to give 
rise in subcultures to cell populations in which small clusters of cells 
could either proliferate randomly or grow in an organized way. This 
organized growth could produce true somatic facsimiles of carrot em¬ 
bryos from which normal carrot plants could be grown (cf. Steward et 
al., 1961 and references there cited). 

Thus a second landmark in this continuing odyssey was reached. The 
carrot cells, originaUy developed in situ to fulfm their functions as 
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parenchyma of a secondary phloem of the carrot root, are not only 

able to fulfill the various metabolic attributes of growing cells as they 

proliferate, but they may also, when isolated as' free cells, develop in 
an organized way and produce embryos. TTie embryos so formed are 
morphogenetically similar to, and as fuUy competent as, zygotic 

embryos. Hence the totipotentiality of the original cells of the carrot 
was conceived. It is this characteristic inherent in plant cells that 
underlies the uses to which they may be adapted in culture and that is 
the subject matter of this volume. 

Again, however, this potentiality is not to be lightly regarded as 

released by any one single exogenous factor or condition, for a multi¬ 
plicity of interacting factors and conditions enter into the successful 
realization of the somatic embryogenesis, even from carrot cells. 
Moreover, a few isolated embryo-like forms do not constitute a morpho¬ 
genetically competent somatic embryonic culture. When this compet¬ 
ence is properly achieved, and expressed, literally thousands of embryos 
can be developed from aliquots of a given source by spreading cells on 
semisolid media in small dishes (cf. Steward and Krikorian, 1979). This 
initially surprising outcome has been routinely accomplished for carrot 
innumerable times, repeated with various other umbellifers, accomp¬ 
lished with comparable ease for some plants, but with greater difficulty 
for others. And, even yet, some plants, despite careful investigation, 
are still recalcitrant in this respect (cf. Krikorian, 1982 and references 
there cited)! , 

Therefore it should not be lightly assumed that by using any new 
source, the objectives of true somatic embryogenesis will be accomp¬ 
lished casually or without due and often prolonged preparation. There 
is no universally applicable formula, although many guiding principles 
may be, and have been enunciated. 

The events recounted above pose obvious philosophical problems. 
How do cells in situ, e.g., those in the environment of the carrot root, 
create such specific morphology and biochemistry whereas other cells, 
e.g., of the carrot leaf in situ, have equally prescribed but very 
different characteristics? Both sets of organ-specific characteristics, 
whether morphological or biochemical, are essentially inherited. But 
when cultures are made from isolated cells, their innate genetic char¬ 
acteristics, which are expressed in situ in such different ways, are 
often submerged in culture. Moreover, the highly organ-specific char¬ 
acteristics of plants, which are expressed during normal ontogeny, may 
be highly sensitive to external environmental controls, as by day and 
night length or day and night temperatures and their interactions. This 
is well illustrated by recent studies, of which one on the potato plant 
is a case in point (Steward et al., 1981). Even proliferating carrot 
explants, free of developing organs and lacking root- and shoot-growing 
points, may respond significantly to similar environmental stimuli. All 
this raises profound questions of the controls over the expression of 
genetic information during development and its persistence in cells to 
be reexpressed in clonal somatic embryogenesis. Insofar as tissue or 
cell cultures are motivated by recapitulating characteristics seen in the 
developed plant in isolated unorganized cultures, this may be (and usu¬ 
ally is) difficult to achieve without also recreating the appropriate 
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morphological setting which does happen when somatic embryogenesis is 
induced. Ib "turn-on" at will one set of inherited characteristics 
without the cooperation of others with which they are normally asso¬ 
ciated still presents a challenge (cf. Krikorian and Steward, 1969; 
Steward and Krikorian, 1975, 1979). 

From time to time during the course of the events briefly recounted 
above, their significance has been summarized. This was done with 
respect to the all important first steps of growth induction, whether 
measured in terms of tissue mass or cell numbers or size (Steward and 
Shantz, 1954); with respect to the causative agents and their inter¬ 
actions and to the metabolic responses they induce (Steward et al., 
1964); to the visible signs of renewed activity in the cells (Steward et 
al., 1968); and to comparative studies on materials other than carrot 
(Steward et al., 1970). Latterly, the implications of the work on the 
lines indicated has been placed in its historical setting and also in 
relation to events of the current scene (Krikorian, 1975; Steward and 
Krikorian, 1975, 1979). 

After ^1 this, therefore, the temptation is to say here; "We now 
have little to add and less to take away!" Nevertheless, and in fulfill¬ 
ment of the charge to write a brief introduction to this volume, the 
plan is to touch upon selected aspects of the current status of the 
aseptic culture of isolated segments, explants, cells, or protoplasts from 
plants. 

This whole subject is ripe for review. It should be seen for its 
implications for concepts of development and morphogenesis, on the one 
hand, and with regards to its prospects for agriculture and industrial 
practices, on the other. This overview is timely, but seen against the 
pressing urge for genetic engineering and freewheeling claims for 
"clonal cultivations," it even becomes imperative. Aspects that seem 
to merit attention here are developed below, albeit with the minimum 
of detail. 


NOMENCLATURE; SOURCES AND BDENTTIY OF CULTURES 

The art of growing, asepticaUy and heterotrophically, isolated plant 
parts as explants on appropriate media has become loosely identified as 
plant tissue culture. The culture of surviving parts or segments of 
vascular plants first became familiar under conditions adopted in the 
necessarily aseptic culture of fungi and bacteria. As such, it extended 
the nutritional methods of microbiology to higher plants. Root tip cul¬ 
ture, whether in liquid or on semisolid media, soon raised the problems 
of the potentially unlimited growth of their tips. But now the terms 
"tissue" and "cell culture" embrace f^ocedures and practices which may 
be applied to plant materials from sources that may cover the entire 
morphological range. This range may be from immature seeds, embryos, 
or buds to segments of the axis that include, preformed, all the compo¬ 
nent parts of shoots or roots, to isolates that are so reduced that they 
may, or purport to, exclude everything but their respective apical 
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meristems, to developing organs or explants from developed organs, to 
cells, or even to surviving subcellular organelles. The sources of the 
different cultures should reflect their nomenclature, the techniques 
used, and the objectives to be achieved; it will also bear upon the 
order of difficulty their cultivation will encounter. 

Two examples of loose terminology and fuzzy thinking, though em¬ 
bedded in time-honored usage, should be mentioned. How often have 
the phrases ’’plant tissues” cultured "in vitro" recurred? This is often 
so even when the plant materials in question are not strictly tissues 
nor the "in vitro" conditions in any true sense to be contrasted with 
"in vivo" as these terms are, or were, classically used to distinguish 
syntheses or processes that do not, or do, require the essential organi¬ 
zation that supports life. In this sense, root tip cultures, e.g., of 
tomato or tobacco, in a minimal liquid medium are at least organ cul¬ 
tures (which comprise ell the essentials of the radicle of the embryo) 
and everything that happens to them thereafter in their potentially 
unlimited subculture is certainly in vivo, even though the culture 
medium is encased in a glass (or plastic) vessell That other favored 
example of longevity in culture, namely proliferated carrot root cul¬ 
tures seemingly indefinitely continued by their subculture, is equally 
inappropriately described as "in vitro." The feature common to both of 
these cultural practices was, and is, that they exposed isolated seg¬ 
ments from angiosperms to culture medium which, being aseptic, could 
contain both inorganic and organic nutrients. The common problem 
that both systems encountered at the outset was to obtain viable 
starting materials that were aseptic and to maintain the cultures free 
of subsequent contamination (the devices and rules for these proce¬ 
dures, though in principle relatively simple, are dealt with and com¬ 
mented upon throughout this volume). 


NUTRITION AND THE CAPACITY TO GROW 

Thus the arts and cultural practices here in question must furnish to 
minute storting materials from higher plants the exogenous equivalents 
of the nutrient requirements they require in situ, whether these w'ould 
normally derive from photosynthesis in leaves with light or from roots 
or (perhaps more subtly) from their interactions. But the exogenously 
supplied nutrients, however elaborately concocted, depend for their 
success on endogenous ceUs or centers that are still able to grow, or 
if this capacity lies dormant, able to be reactivated. 

Even embryos, although endowed with all the potentialities to be¬ 
come plants, may have their ability to grow variously restricted by the 
onset of dormancy. This may occur even when embryos contain all the 
nutrients required for subsequent growth within cotyledons or swollen 
parts of their axis, or when they are available from surrounding endo¬ 
sperm via absorbing organs (i.e., situations illustrated by the case of 
coconut, of legumes, and of buckwheat). Hence dormancy or quiescence 
once established, totally or partially, may need to be overcome. 
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GROWTH INDUCTION; THOUGHTS ON PRIOR ORGANIZATION 

This need for growth induction is a widespread feature to be faced in 
this field of aseptic cultivation of plant parts. One needs to know 
whether a seeming inability of explants to grow is inherent at the site 
from which cultures were being sought, due, for example, to the 
accumulation of endogenous growth inhibitors, or it merely reflects the 
need for a stimulus from adjacent centers (e.g., buds), or some defi¬ 
ciency (or excess) in the culture medium. Any of these situations can 
occur. However, the general experience is that growth induction 
occurs more spontaneously in cells of dicotyledonous plants, even in 
their parenchyma produced secondarily from cambia, than in other 
plants which lack vascular cambia or secondary growth. This rule-of- 
thumb generalization, however, should not imply that the great array of 
monocotyledonous plants, with their agriculture importance, are outside 
the range of these cultural practices; rather, the means to induce their 
growth may be more elusive and require more subtle combinations of 
stimuli to activate rapid proliferations. Also, be it said that to induce 
growth of explants from different organs may encounter special diffi¬ 
culties or even (as in the often successful use of floral parts, including 
anthers) some advantages. 

However, many proliferated cultures, which are appropriately called 
tissue cultures, ultimately have a cambial origin, for they may emanate 
from centers in situ which stUl contain active or reactivated vascular 
or cork Gambia or from derivative cells which, though quiescent, may 
be reactivated to divide (e.g., as in many wound-healing phenomena). 

By contrast, cultures of angiosperm shoot or root tips should be 
designated as organized cultures of shoot or root tips. They are in 
fact analogous to short vegetative cuttings! Here, however, the ques¬ 
tion arises as to how successfully may small explanted tips respond in 
an organized way solely to exogenously supplied nutrients. Even today 
only a relatively few angiosperms have easily yielded continuously 
viable root tip cultures. The successes no doubt trace to the fact that 
even within a very short distance from its tip, a root, as explanted, 
has all the essentials and primordia for its continued organized growth. 
Even when excised very close to the tip, procambial strands which are 
able to generate deep-seated cells that produce the lateral organs 
(roots), are present and both the main axis and the laterals contain (in 
dicotyledons) putative vascular cambia. The situation in shoot tips, 
with their superficial growth of lateral organs and contrasted arrange¬ 
ment and development of vascular bundles, is very different. 

An apical shoot segment that excludes all leaf primordia and their 
recognizable initials is so small that the remaining central dome of 
meristem, unlike the comparable situation in a root tip (with its more 
conspicuous quiescent center), seems to lack essential basipetal organi¬ 
zation or stimuli for its viable organized growth. Therefore successful 
root tip cultures, though by no means universal (even in dicotyledons), 
are certainly more frequent than are organized shoot tip cultures. But 
both cases (i.e., root tip and shoot tip cultures) should be regarded 
properly as cultures that are fully organized from the outset and are 
strictly analogous to small cuttings. As such, their ongoing culture. 
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strictly aseptic mieroprope^ation, occurs when their requirements for 
continued growth can be met exogenously. 

Morphologically speaking, true "tissue" cultures would seem to be 
more specific and their demands more prescribed. Havir^ been laid 
down initially to fulfill specific, though often heterogenous functions 
(e.g., as in pith, cortex, xylem, and phloem), their continued activity in 
situ is subject to endogenous controls that rarely persist in culture 
and, when they do proliferate in culture, the cells only retain in part 
the features they had in situ. Ihe larger the original explant, the 
slower the proliferated growth, and the longer it persists in subculture, 
the more such cultures seem to acquire and express distinctive features 
and limitations of their own. These features, however, be it said, may 
cease to have much relevance to the understanding of the plant of 
their origin for the cultures may lose, or at least no longer express, a 
morphological or biochemical totipotency. By contrast, the sooner free 
cells detach from proliferated cultures, the more rapid their growth and 
multiplication, the more chance they have of being brought into fuUy 
competent, totipotent cell cultures. The provision of exogenous growth 
promoting stimuli and the elimination or suppression of endogenous 
inhibitors are potent causal factors here. 


CELL CULTURES: TOTIPOTENCY 

It is here that the relevance of cell cultures with recognizable 
totipotency emerges, and it is conveniently illustrated by the case of 
carrot-root phloem cultures. First, small explants are obtained quite 
specifically from the secondary phloem of the storage root; these are 
induced to grow rapidly in solutions that both induce and maintain 
their growth by rapid proliferation. In this state the metabolism and 
form of the cells are quite different from their counterparts in situ. 
Second, the definitive point is that, when freed from the surface of the 
proliferating explants, they can grow rapidly and independently as true 
cell cultures in liquid suspensions of minute cells, and the small aggre¬ 
gates they produce, when filtered, will continue to grow, under the 
appropriate culture conditions, as true somatic facsimiles of carrot 
zygotic embryos in situ. These cultures should be properly identified 
as morphogenetically competent, totipotent, cells. But it should be 
recognized that the steps to realize this goal include in sequence, (1) 
aseptic isolation of small tissue explants, (2) the induction of their 
rapid proliferated growth under specific conditions, (3) the spontaneous 
release from the explants of free cells which continue as viable autono¬ 
mous units, and (4) in so doing they express morphological and bio¬ 
chemical features traceable to, and reexpressed from, the carrot zygote 
from which all development began. 

Lastly, it should be noted that those carrot cells in culture repre¬ 
sent true clonal growth of the carrot plant from which they originated. 
They retain the full inheritance and totipotency of their nuclei and the 
full ability of their cytoplasm to foster its expression. In this respect 
clonal cell propagation in plants is to be distinguished from "cloning," 
as it is often referred to in animals where during development the 
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cells, although they may have retained the competence of their nuclei, 
have lost the competence that the cytoplasm of the fertilized egg pos¬ 
sessed to foster its expression. 

Needless to say, and flowing from the discussion of nomenclature, the 
ultimate aim of aseptic plant culture should be to achieve, where pos¬ 
sible, full control over all the stages outlined above and, finally, to 
achieve fully competent totipotent cells in culture from which all their 
morphogenetic-biochemical responses may be recapitulated and investi¬ 
gated. 

The fact should be faced that the potentialities that have been amply 
demonstrated for carrot—shown to be feasible for several other umbelli- 
ferae (Steward, Kent, and Mapes, 1966) and with greater or lesser diffi¬ 
culty extended to other plants (Steward and Krikorian, 1979; Krikorian, 
1982)—are nevertheless far more difficult to release generally than 
might be expected or aeknowlec^ed. Does this mean that some hither¬ 
to unrecognized general principle governing the release of genetic 
information awaits discovery and application? Or is it that the combi¬ 
nations of stimuli and nutrients to be applied in synergistic and sequen¬ 
tial combinations, coupled with the combinations of environmental vari¬ 
ables that may ciffect even normal development (Steward, 1976) are so 
subtle that their chance discovery in the more recalcitrant situations is 
a too remote possibility? The suggestion here is that each recalcitrant 
situation requires systematic and persistent investigation moving from 
each partial success until a final unique program is achieved. 


PROTOPLASTS 

However, the above is concerned with cells. There also remain the 
problems inherent in the use of isolated protoplasts and cellular 
organelles. 

Surviving freely suspended plant protoplasts had been known and 
investigated for their osmotic properties as early as the 1930s, and for 
many years attempts were being made to observe their growth and 
regeneration. Since protoplasts of angiosperms are so universally 
bounded by walls (though interconnected by plasmodesmata, except in 
specif situations where, as at syngamy, fusions are essential), it is not 
sitfprising that their independent survival and development presented 
difficult and protracted problems. When cultures of viable freely 
suspended totipotent carrot cells were first being routinely obtained 
and observed (as in the 196Qs), and when Cocking was perfecting his 
early techniques for the use of free protoplasts, it was an attractive 
idea to bring both techniques together. If protoplasts could be pre¬ 
pared from suspensions of demonstrably morphogenetically competent 
cells, should they not more easily, like fertilized eggs, develop into 
embryos than protoplasts prepared de novo from such mature cells as 
those of leaves? With the cooperation of Dr. Cocking, his then-purified 
enzyme preparations were used and the directions for isolating the 
protoplasts adopted. Very good, uniform, and seemingly "rugged" sur¬ 
viving carrot protoplasts were obtained, but from them somatic embryo- 
genesis did not ensue, not even remotely approaching that of the cell 
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preparations from which they came (Steward et al., 1975). Tliis is but 
another example of the oft-encountered experience that cultural prac¬ 
tices may encounter unpredictable consequences (or even opportunities) 
when barriers developed during normal development are disturbed. 
Nevertheless, it is interesting to note that the successful development 
of carrot embryos from carrot protoplasts has in fact, subsequently, 
been achieved (Krikorian and Steward, 1979 and unpublished). Iliis is 
not an isolated example or experience, but may be taken here to illus¬ 
trate the important point that cellular totipotency is at best fragile, 
easily disrupted by adverse conditions and may require much pains¬ 
taking observational work and trials in its restoration (one can properly 
speak here about the "state of the art," for art it is). 

Because free, viable, surviving protoplasts lend themselves to so 
much manipulation and because modern genetics and molecular biology 
require their controlled use, all this is now an important area of inves¬ 
tigation. , Cell and tissue culture genetics now has a familiar sound. 
However, it should be stressed that its uses (though real) are as 
limited in practice as are the success with which genetically modified 
protoplasts can be regenerated into plants. 

Finally one may ask, "But what of isolated organelles—nuclei, plas- 
tids, mitochondria?" The great riddle of cellular organization is to 
know how so many discrete viable self-duplicating organelles, within 
their respective plant protoplasms, perform their specific functions so 
smoothly and effectively. Since so much is now known about the en- 
zymology and intermediary biochemistry of the vital processes, why is 
it so difficult to achieve and maintain these events in noncellular 
preparations? Or even, for that matter, why is it that such limited 
success has been achieved in causing aseptic proliferated cultures to 
rival their counterparts in situ in the production of distinctive metab¬ 
olites or special storage products? 

If the chapters to come not only appreciate the successes of aseptic 
cultural practices but also recognize the limitations which they may 
encounter when routinely applied to various plant sources and to pre¬ 
parations from various morphological levels, their value will be 
commendable. 
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The success of many in vitro techniques in higher plants depends on 
the success of plant regeneration. Indeed, the application of some 
techniques, e.g., in vitro mutant isolation and protoplast fusion, to cell 
cultures is limited in many crop species because of the inability to 
regenerate plants. Only a few crop species such as tobacco and carrot 
can be fully exploited in vitro because of their ease in regeneration. 

It has become increasingly clear in recent years that through plant 
regeneration from in vitro cultures a vast resevoir of genetic vari¬ 
ability is available. As many crop species have been extensively 
inbred, genetic variability has been reduced by widespread cultivation 
of a limited number of cultivars. In vitro culture may generate a new 
pool of genetic variability useful for development of new crop varieties 
(see Chapter 25). 

In this chapter we have attempted to review the current status of in 
vitro organogenesis. Through the use of tables with information regard¬ 
ing conditions useful for regeneration from various species we hope to 
outline the general procedures that should be taken for development of 
plant regeneration techniques from recalcitrant crop species. Species 
have been grouped by families, as species belonging to the same family 
exhibit similar requirements for regeneration. 


UTERATURE REVIEW 

A large number of species has been regenerated from in vitro cul¬ 
tures. Those families which undergo plant regeneration via embryo- 
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genesis have been omitted, as embryogenesis has been discussed else¬ 
where (see Chapter 3). It is evident that although plants of many crop 
species can be regenerated from cell culture, some of the more impor¬ 
tant crops, notably cereals and legumes, have lagged behind in develop¬ 
ment of these techniques. We have attempted to emphasize plants of 
agricultural interest. 


Solanaceae 

Solanaceous species have been used as model systems of in vitro 
studies. Totipotency was first demonstrated with Nicotiana tabacum by 
regeneration of mature plants from single cells (Vasil and Hildebrandt, 
1965). The first successful production of haploid plants by the in vitro 
culture of excised anthers was achieved by using Datura irmoxia (Guha 
and Maheshwari, 1964). Plant regeneration from isolated protoplasts 
was accomplished first with N. tabacum (Takebe et al., 1971), and the 
first somatic hybrid was obtained from two Nicotiania species, N. glauca 
and N. langsdoTfii (Carlson et al., 1972). 


TOBACCO AND OTHER NICOTIANA SPECIES. Varieties of cultivated 
N, tabacum are easy to manipulate in vitro. The effects of auxins and 
cytokinins on explants and tissue cultures are quite specific and repro¬ 
ducible. Culture medium MS, the nutrient solution most often used for 
in vitro cultivation of plant species, was formulated as a result of 
growth experiments with N. tabacum. Callus and suspension cultures 
have been initiated from leaf or stem explants of N. tabacum and many 
Nicotiana spp. using MS medium with the addition of 4.5 jiM 2,4-D and 
2 g/liter casein hydrolysate (Flick and Evans, Vol. 2, this series). 
Callus can be initiated on MS medium with other hormone concentra¬ 
tions, e.g., 11.4 fiM lAA and 2.3 jiM KIN (Murashige and Skoog, 1962), 
but an auxin is always necessary. Callus can be maintained on MS or 
a similar medium with 2,4-D; casein hydrolysate is unnecessary. Sus¬ 
pension cultures also can be readily obtained on B5 or MS media with 

2.3- 4.5 (iM 2,4-D. Shoot regeneration from callus and suspension cul¬ 
ture can be obtained for most Nicotiana species by the removal of 

2.4- p and the addition of a cytokinin, e.g., subculture to a solid MS 

medium with 5 nM 6BA. For N. tabacumj numerous hormone combina¬ 
tions have been successfully utilized for shoot regeneration (e.g., TVan 
"pianh Van and Ttinh, 1978; Nitsch et al., 1967). It is also possible to 
induce shoot regeneration by replacing 2,4-D with combinations of 
auxins and cytokinins, e.g., 11.4 jiM lAA and 9.3 jiM KIN (Murashige and 

Nakano, 1967) or 22.8 pM lAA and 46.5-66.5 pM KIN (Sacristan and 

Melchers, 1969). Shoot formation from callus has been reported for 19 
Nicotiana spp. (Table 1). Shoots can be obtained from N. tabacum 
callus in approximately 3 weeks and can be multiplied using shoot cul¬ 
ture on MS medium with 5 pM 6BA. Roots can be induced on MS, 
Hoagland, or White’s medium with no hormones (Bourgin et al., 1979- 
Murashige and Nakano, 1967; Nagata and Takebe, 1971) or on one-half 
strength MS medium with 25-75 pM 3-aminopyridine (Phillips and 
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Collins, 1979; Evans et al., 1980). Roots appear rapidly, and it is 

likely that in some cases root primordia are already present. 

Some sexual hybrids between Nicotiana spp. produce tumors (Kostoff, 
1943). It has been shown that tumorous cells of N. glauca x N. 

langsdorfii are hormone autotrophic when grown in vitro (Ahuja and 
Hagen, 1966). Auxin autotrophy is not limited to tumors, as cells of a 
number of Nicotiana spp. are also auxin autotrophic, including N. 

debneyi (Smith and Mastrangelo-Hough, 1979); N. repanda (Evans, unpub¬ 

lished); and N. knightiana (Maliga et al., 1977). 


POTATO AND RELATED SPECIES. Dihaploid lines of Solarium tubero¬ 
sum are also amenable to tissue culture studies (Binding et al., 1978). 
Tuber, shoot tip, hypocotyl, leaf, and stem explants have been used to 
initiate callus with morphogenetic potential. Callus can be initiated 
from tuber explants on modified MS medium (Lam, 1975) with 2.3 jiM 
lAA, 1 |iM GA, and 3.7 mM KIN, or from shoots or stems on MS medium 
with 9.1 fiM 2,4-D (Wang and Huang, 1975). Callus formation from wild 
Solanum spp. requires a high auxinicytokinin ratio. NAA and 2,4-D 
generally have been utilized, although LAA and 6BA also have been 
used successfully (Table 2). Shoot induction has been observed in stem 
or shoot-derived callus when 4.7-46.5 pM KIN has been substituted for 
2,4-D. Root formation occurs when young shoots are transferred to MS 
medium with 2.2 pM 6BA and 0.3 pM GA or to MS medium without hor¬ 
mones. 

A similar protocol can be followed for S. xanthocarpum (Rao and 
Narayanaswamy, 1968), S. sisymbriifolium (Fassuliotis, 1975), S. r'dca- 
mora, S. nigrum (Zenkteler, 1972) S. khasianum (Bhatt et al., 1979), and 
chlorophyll-deficient S. chacoense (Gamborg, personal communication). 
A modified MS or White (1963) medium with 2.3-27.1 pM 2,4-D can be 
used to initiate or maintain callus of each species. For plant regen¬ 
eration 2,4-D is removed or the concentration reduced from 4.5 to 0.5 
pM 2,4-D for Solanum xanthocarpum. In most cases a cytokinin is also 
added to shoot regeneration medium (Table 2). Root induction occurs 
for S. sisymibriifolium following transfer to Nitsch medium with 7.4 pM 
lAA. Solanum melongena (eggplant) hypocotyl sections do not respond 
to 2,4-D (Kamat and Rao, 1978); however, callus can be initiated by 
using 5 pM NOA or 43 pM NAA (Matsuoka and Hinata, 1979). Shoots 
were obtained when callus was subcultured onto MS medium with 2.3 
pM ZEA or 4.7 pM KIN, or when NAA was replaced with 1 pM 6BA; MS 
medium with no hormones was used to obtain root formation. 


TOMATO AND RELATED SPECIES. MS medium generally has been 
used for tissue culture studies with species of Lycopersicon, particular¬ 
ly the cultivated tomato, L. esculentum (Padmanabhan et al., 1974). 
Callus can be induced from most tomato explants, but leaf or hypocotyl 
sections are most often used (Table 3). The auxin 2,4-D has been used 
only sparingly in regeneration studies. Combinations of lAA and NAA 
with KIN and 6BA have been used to initiate callus proliferation. 
Phenolic oxidation in leaf and hypocotyl sections can be overcome 
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either by placing cultures in the dark until callus forms or by adding 
500 mgAiter polyvinylpyrrolidone (PVP) to the culture medium (Flick 
and Evans, unpublished). Shoot formation can occur at a low frequency 
on callus induction medium or preferably on media with a higher 
cytokinin: auxin ratio or with cytokinin alone (Kartha et al., 1976). 
Roots can be obtained on MS medium with 10.7 jiM NAA or 11,8 pM 
lAA (Tal et al., 1977). Coleman and Greyson (1977) have shown that 
GA 3 at 0.01-100 pM enhances root formation. Similar techniques for 
plant regeneration have been applied successfully to two wild Lyco- 
persicon species (Table 3). Tomato does not seem to be as amenable 
to tissue culture techniques as do other solanaceous species (Herman 
and Haas, 1978), since callus cultures lose the ability to undergo shoot 
morphogenesis when subcultured. Plant regeneration has not yet been 
routinely obtained from long-term suspension cultures (cf., Meredith, 
1978). Normal plantlets could be obtained from 2036 of tomato callus 
lines after 4 months in culture (Meredith, 1979), whereas only abnormal 
plantlets incapable of root formation could be obtained after 17 months. 
Shoot regeneration from caUus has been obtained by using 6 BA and lAA 
but not KIN and NAA (Zenkteler, 1972). The cytokinin:auxin ratio 
appears to be more important for the control of tomato shoot formation 
than do the specific hormones utilized. 


PETIMA AND DATORA SPECIES. Petunia spp. can be manipulated 
easily in vitro. However, most of the information about these species 
is concerned with the feasibility of plant regeneration from protoplasts. 
All Petunia spp, have been cultured on MS medium (Table 4). Stem or 
leaf explants have been used for plant regeneration, but roots (Colijn 
et al., 1979) also have been cultured on combinations of 0-107.4 pM 
NAA and 0,4-35.2 pM 6 BA, although 2,4-D may be used alone (Sangwan 
and Harada, 1976) or in combination with a low concentration (0.9 pM) 
of 6 BA (Rao et al., 1973a). Shoot regeneration has been achieved in 
all species by reducing the concentration of auxin while simultaneously 
increasing the concentration of cytokinin. This has been accomplished 
in a few cases by substituting a weak auxin for a strong auxin, such as 
22,8 pM lAA for 22,6 pM 2,4-D (Frearson et al., 1973), The four 
species of Petunia examined can be regenerated in vitro (Table 4), 

The genus Datura has not been studied in great detail, although D. 
innoxia represents ideal material for studies of anther culture (Guha 
and Maheshwari, 1964), plant regeneration (Engvild, 1973), and somatic 
hybridization (Schieder, 1978). Callus of D. innoxia can be induced and 
maintained on MS medium with 1 pM 2,4-D and plants can be regener¬ 
ated from caUus with 1 pM 6 BA. Roots can be obtained on growth 
regulator-free MS medium or on Nitsch medium with 1 pM lAA (Sopory 
and Maheshwari, 1976). Datura metel and D. meteloides have been re¬ 
generated in vitro on B5 medium with 2.2 pM 6 BA and 8 pM NAA, and 
shoot formation has occurred when NAA was eliminated and 6 BA was 
increased to 4.4 pM. Shoots have been obtained in D. innoxia from 
cell suspension cultures (Hiraoka and Tabata, 1974), stem segments 
(Engvild, 1973), and leaf sections (Evans and Gamborg, unpublished). 
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OTHER SOLANACEOUS SPECIES. Plants have been regenerated via 
organogenesis from eight other solanaceous species (Table 5). In each 
case callus could be induced with an auxinrcytokinin ratio >1, and 
shoots regenerated with auxin: eytokinin ratio <1. White’s, MS, or 
Poirier-Hamon et al. (1974) basal medium was used in each case, and 
root formation was obtained on hormone-free basal medium or medium 
with auxin (NAA or lAA). Nearly all possible explants have been used 
(Table 5) for induction of organogenesis among these solanaceous 
species. In addition to the species listed in Table 5, three species of 
Scopaiia, S. corniolica, S. lurida, and S, physcdoides (Wernicke and 
Kohienbach, 1975), have been regenerated from anther cultures. Phy- 
sdLis alkekengi (Zenkteler, 1972) could not be regenerated in vitro. 

A total of 42 solanaceous species have been regenerated in vitro. 
Organogenesis is the primary mode of plant regeneration in this family. 
MS medium has been used for 39 of the 42 species cultured in vitro, 
although B5 medium may be equally useful. Callus can be induced in 
most species by usii^ 4.5 nM 2,4-D, and 5 jiM 6BA is sufficient for 
plant regeneration in most species. In those species in which this 
treatment has not been successful, a combination of auxins and eyto- 
kinins generally has been used. Among solanaceous species, if the 
auxinrcytokinin ratio is >1, callus formation is enhanced; if <1, shoot 
formation is obtained. This general rule applies to 38 of the 42 
species tested (Tables 1-5). The only exceptions are S. dulcamara, S. 
nigrum, and Scopalia parviflora, and in each case lAA, known to 
degrade in vitro, and also not as effective an auxin as 2,4-D or NAA, 
was used as the auxin in combination with a eytokinin at a lower 
concentration for shoot induction. 


Cruciferae 

The Cruciferae include many important agricultural crops (e.g., broc¬ 
coli, cabbage, brussels sprouts, rapeseed, kale, Chinese kale, cauli¬ 
flower, and horseradish) that have been regenerated in vitro. With the 
exception of horseradish, all of these species belong to the genus 
Brassica, Another cruciferous species, Arabidopsis thaliana, has been 
valuable as a genetic tool (Redei, 1975) and is also amenable to tissue 
culture and plant regeneration. The emphasis on research in the Cru¬ 
ciferae has been on the application of tissue culture to crop improve¬ 
ment and vegetative propagation. 

Callus can be induced routinely and maintained from many explants. 
Shoots can be induced from callus, usually by increasing the eytokinin: 
auxin ratio. The potential for organogenesis in callus cultures of 
cruciferous species decreases rapidly with time, particularly after 6-8 
months in vitro (Negrutiu and Jacobs, 1978b). Organogenic potential of 
Arabidopsis cultures can be increased by manipulation of the culture 
medium. 

At least eight species of Cruciferae have been regenerated in vitro 
(Tables 6 and 7). In Brassica oleracea (cauliflower) and Arabidopsis, 
cellular response to hormones in the culture medium varies among 
cultivars or geographical races. MS medium is used exclusively for 
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regeneration of cruciferous species (Tables 6 and 7). The source of the 
explant used to induce callus can be important in determining the 
organogenic response of a culture. 


BRASSICA. Agriculturally important Brassica species include B. oler- 
acea (cauliflower, brussels sprouts, cabbage, kale), B. napus (rape), and 
JB. cdboglabra (Chinese kale). Callus cultures of B, oleracea are usually 
initiated in the presence of both an auxin and cytokinin (Table 6 ). Al¬ 
though 2.3 pM KIN is most often used (Clare and Collin, 1974; Lustinee 
and Horak, 1970; Horak et al., 1975), concentrations as low as 0.5 pM 
(Bajaj and Nietsch, 1975) and as high as 14 pM KIN (Baroncelli et al., 
1973) have been used successfully. Numerous hormones can be used to 
satisfy the auxin requirement for callus initiation and maintenance, i.e., 
2,4-D, lAA, and NAA, at concentrations ranging from 0.9 pM for 2,4-D 
to 11.4 pM for lAA (Table 6 ). Callus induction of kale and Chinese 
kale has been promoted by 10.7 pM NAA and 2.2 pM 6 BA (Horak et al., 
1975; Zee and Hui, 1977). Brassica napus is the only Brassica species 
that requires no cytokinin for callus growth, and it has been cultured 
successfully on 2,3-4.5 pM 2,4-D (Stringham, 1979; Kartha et al., 1974). 
Growth responses to 5 pM 6 BA in B. oleracea (cauliflower) vary among 
different genotypes (Baroncelli et al., 1973). 

Plants can be readily regenerated from callus cultures of Brassica, 
Normally a cytokinin, e.g., 2.3-93 pM KIN, must be included in the 
regeneration medium (Table 6 ). Auxin concentration in the regen¬ 
eration medium can be quite variable. In some cases no auxin is 
required (Clare and Collin, 1974), or a high concentration of a less 
active auxin, e.g., 5.7-11.4 pM LAA for red cabbage (Bajaj and Nitsch, 
1975), may be added to the cytokinin to achieve plant regeneration. 
Brassica alboglabra shoot regeneration has been obtained only in the 
presence of both 5.4-21,4 pM NAA and 2.3-4.7 pM KIN (Zee and Hui, 
1977; Zee et al., 1978). Shoot regeneration of B. napus is induced by 
the presence of 5 pM 6 BA (Stringham, 1979; Thomas et al,, 1976; 
Kartha et al., 1974). In contrast to regeneration from most callus cul¬ 
tures, 0,l-2.8 pM GA 3 is necessary for plant regeneration. In the 
absence of GA 3 green callus is induced, but no shoots are formed 
(Kartha et al., 1974). 


ARABIDOPSIS, Callus growth of Arabidopsis thaliana is enhanced by 
addition of a cytokinin and an auxin to the culture medium as in Bras¬ 
sica species. Callus can be initiated on modified B5 medium (Negrutiu 
et al,, 1975) with 10 pM 2,4-D and 0.25 pM KIN and maintained on 5 
pM 2,4-D and 0.24 pM KIN (Negrutiu et al., 1978b). Callus also has 
been initiated and maintained on 43 pM NAA and 0.25 pM KIN (Negrutiu 
et al., 1975). The source of the explant has been shown to effect sub¬ 
sequent plant regeneration from callus (Negrutiu et al., 1978b). Callus 
initiated from anthers has the highest organogenic potential, as well as 
retaining the capacity to regenerate for as long as 18 months. Seed-, 
stem-, and leaf-derived callus retain the capacity to regenerate for 
only 6-8 months. 
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Table 7. Regeneration of Cruciferous Species 
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Regeneration of shoots from Arahidopsis callus cultures can be 
obtained by the removal or reduction of the auxin concentration in the 
medium with simultaneous increase in the eytokinin concentration. A 
low concentration of auxin is sometimes retained in the shoot regen¬ 
eration medium, e.g., 1 jiM KIN and 0,1 jiM GA 3 (Negrutiu et al., 
1978b). GA 3 is sometimes added to shoot regeneration medium, e.g., 
10 liM 6 BA and 1 nM GA 3 (Negrutiu et al., 1978a), although no growth 
requirement for GA 3 has been demonstrated. 

In vitro morphogenesis of Arci>idopsis thaliana can be influenced by 
the following; ( 1 ) selection of a geographic race of high regenerative 
capacity (Negrutiu, 1976; Negrutiu et al., 1975); ( 2 ) subculturing callus 
at 4-week rather than 8 -week intervals (Negrutiu and Jacobs, 1978b); 
(3) growth of callus in low light (Negrutiu and Jacobs, 1978a); (4) filter 
sterilization of culture medium (Negrutiu and Jacobs, 1978a); (5) re¬ 
placement of NH 4 by glutamine as the nitrogen source (Negrutiu and 
Jacobs, 1978a); ( 6 ) treatment of cultures for 3-6 days at 4 C (Negrutiu 
and Jacobs, 1978b); (7) removal of all auxins from the culture medium 
prior to transfer to regeneration medium (Negrutiu and Jacobs, 1978b); 
and ( 8 ) a 20 -day passs^e of young cultures in glucose-free medium or 
transfer of old cultures to culture medium containing glucose as 
high glucose concentrations inhibit morphogenesis in young cultures 
(Negrutiu and Jacobs, 1978b). A progressive decline in shoot regenera¬ 
tion accompanies increasing age of callus. The origin of explants also 
may affect the longevity of the regenerative ability of a callus culture 
(Negrutiu et al., 1978b). Chromosome instabilities, e.g., increases in 
ploidy observed with age of callus (Negrutiu et al., 1975), may contri¬ 
bute to a decline in organogenesis with callus age. 


OTHER CRUCIFEROllS SPECIES, Six other cruciferous species have 
been regenerated in vitro (Table 7). Generally, with the exception of 
Amoracia lapathiofolia, callus has been initiated and maintained on MS 
medium in the presence of an auxinrcytokinin ratio > 1 . Cytokinin is 
not always included in eaUus medium. Regeneration is induced by 
reduction of the auxin concentration in the medium with an increase in 
the cytokinin concentration. Shoots were regenerated directly from 
leaf pieces of A. lapathiofolia with 5.4 NAA and 0.5-2.3 uM KIN 
(Meyer and Milbrath, 1977). 


Although cruciferous species are quite amenable to growth and plant 
regeneration in vitro, genotype has considerable influence on the 
success of caRus culture and plant regeneration. Hence hormone con- 
centration for callus and shoot culture can vary considerably. Al- 
though the potential for regeneration from callus culture can be lost 
within 6 months of initial culture, specific modifications of the culture 
technique can prolong regenerative viability. In vitro systems are not 
being utilized for improvement of cruciferous crops (Anderson et al., 
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Plant regeneration has been quite difficult among the legumes. For¬ 
age legumes, e.g., clovers, are more amenable to in vitro plant regen¬ 
eration than are seed legumes (Phillips and Collins, Vol. 2 of this 
series). Twenty-five legume species have been regenerated in vitro, 
but in most cases regeneration is at low frequency or limited by the 
source of explants. 

At least eight different media have been used successfully to obtain 
plant regeneration (Table 8), MS medium is the medium most often 
used for the regeneration of legumes. Based on the various media 
used, it is likely that the media traditionally used for plant regenera¬ 
tion in other plant families may not be appropriate for legumes. 

Unlike most plant families, for legume species few generalizations can 
be made with regard to the role of plant hormones in regeneration. 
The auxins most often used for callus induction were 2,4-D, NAA, lAA, 
2,4,5-T, and picloram (Table 8). A cytokinin, either 6BA or KIN, has 
been used for callus formation in each of the species except Acacia 
koa (Skolmen and Mapes, 1976) and Trigonella spp. (Sen and Gupta, 
1979), in which coconut water was used, and Alhagi camelorum and 
Lotus corniculatus in which 2,4-D was used alone. In most legume 
species, the auxinzcytokinin ratio is high for callus initiation, but a 
number of exceptions are evident (Table 8). Most legume species re¬ 
quire higher concentrations of cytokinins than do other plant families. 

Most seed legumes have a higher propensity for root formation than 
for shoot formation. For most species, the frequency of root initiation 
is quite high despite the concentrations of auxins and cytokinins. Only 
root initiation was observed in attempts to obtain plant regeneration 
for Psophocarpus tetragonolobus (winged bean) (Bottino et al., 1979), 
Glycine max (soybean) (Evans et al., 1976), and Phaseolus vulgaris 
(French bean) (Haddon and Northcote, 1976), Root formation occurs 
prior to shoot regeneration with Stylosanthes hamata (Scowcroft and 
Adamson, 1976), Forage legumes will form roots but at a lower fre¬ 
quency than seed legumes. Difficulty in root formation has been 
reported in both Trifolium pratense (Phillips and Collins, 1979) and 
Lathyrus sativus (Mukhopadhyay and Bhojwani, 1978). 

Plant regeneration has been difficult to obtain for seed legumes. In 
general, the concentration of auxin is reduced or the concentration of 
cytokinin is increased. The hormone concentrations successfully used 
for callus initiation in seed legumes were usually highly specific (Table 
8 ), In some cases unique additives were necessary. Bean seed extract 
was required for regeneration of Phaseolus vulgaris (Crocomo et al., 
1976), while 5 kRad of gamma irradiation was used to obtain plant 
regeneration in Cajarms cajan (Shama Rao and Narayanaswamy, 1975). 
Wild soybeans can be regenerated, but cultivated soybean cannot yet be 
routinely regenerated in vitro feameya and Widholm, 1981). Shoot 
primordia have, however, been obtained from soybean hypocotyls (Kim¬ 
ball and Bingham, 1973; Oswald et al., 1977). 

The hormone requirements are much less specific for forage legumes, 
e.g., no hormones are required for plant regeneration in alfalfa (Walker 
et al,, 1979), whereas a wide range of concentrations of various hor- 
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mones have resulted in plant regeneration in red clover (see Table 4 in 
Phillips and Collins, 1979)« Although meristematic tissue has been used 
to regenerate plants among legumes, plant regeneration also can be 
initiated from nonmeristematic tissue of a number of species* Plants 
have been obtained from callus derived from hypocotyl, ovary, cotyle¬ 
don, meristem, leaf, radicle, seed, shoot apex, and cell suspension 
cultures (Table 8); however, explant source can greatly affect the fre¬ 
quency of plant regeneration. In red clover, the frequency of plant 
regeneration was 1% from cotyledons and 30-8096 from meristematic tis¬ 
sues (Phillips and Collins, 1979). 

Initial regeneration frequencies of 1296 were obtained from hypocotyl 
explants of alfalfa (Bingham et al., 1975), but this frequency was in¬ 
creased by selecting for plant regeneration. After two cycles of selec¬ 
tion, the frequency of regeneration was increased in one genetic line of 
alfalfa from 12 to 6796. In addition, intervarietal differences have been 
observed in plant regeneration. Of 14 genetic lines of Pisum sativum 
tested for regeneration, only 6 could be regenerated after 2 months in 
vitro (Malmberg, 1979). Only 2 of 6 lines could be regenerated after 6 
months in vitro. Intervarietal differences in plant regeneration also 
were reported for five cultivars of red clover (Phillips and Collins, 
1979) and nine cultivars of alfalfa (Bingham et al., 1975). The report 
of distinct phenotypic variation among lines and the relative ease with 
which selection can increase the regeneration frequency suggest that in 
legumes, the ability to regenerate plants is inherited. Selection for 
regeneration has not yet been tested in other plant families. Malmberg 
(1979) has suggested that screening a large number of genetic lines 
may be useful in attempts to achieve plant regeneration. 

Shoots can be rooted very rapidly from seed legumes. In nearly all 

cases, roots were obtained in medium with an auxin; 1 nM IBA 
(Acacia), 0,6-26,9 iiM NAA (Crotalaria), and 0.6 pM lAA {Stylosanthes) 
have been used. In most cases when a cytokinin is present in the 
medium (KIN or 6BA), the auxinrcytokinin ratio has been greater than 

10, e.g., 5,7 IAA;0.4 vM 6BA (berseem clover); 0.5|iM NAA:0,05 mM 

KJN (Psophocorpus); and 10.7 NAA:0,9 ]M 6BA (Indigofera), In 

LathyruSf Medicago, Trifolium pratense, and other forage legumes, root 
formation has been more difficult to induce. Phillips and Collins (1979) 
developed an effective rooting medium for red clover which used 
reduced minerals and 3-aminopyridine, 

Rapidly growing cell suspension cultures capable of plant regenera¬ 
tion have been established from only a few legume species. Suspension 
cultures of alfalfa were initiated in Blaydes medium with 9 |iM 2,4-D 
and 9.3 mM KIN (McCoy and Bingham, 1977). After 3 weeks in suspen¬ 
sion culture, ceUs plated onto basal medium produced plants from 9695 
of the colonies. Regeneration capacity was reduced to 996 after 3 
months in culture (McCoy and Bii^ham, 1977). Suspension cultures of 
berseem clover capable of plant regeneration could be induced in MS 
medium with 10.7 iiM NAA and 0,95-1.0 iJM 2iP (Mokhtarzadeh and 
Constantin, 1978). Plating efficiency of the suspension was 496, with 
resultii^ colonies undergoing plant regeneration when placed on shoot 
inducing medium (Table 8). 



Compositae 

Few species of compositae have been regenerated from callus cul¬ 
tures, Only Cichorium endiva (endive) (Vasil and Hildebrandt, 1966a), 
Lactuca sativa (lettuce) (Doersehug and MiUer, 1967), Cynara scolymu^ 
(globe artichoke) (Devos et al., 1979), and Stevia rdbaadiana (Yang and 
Chang, 1979) have been of agricultural interest. 

Tissue culture propagation of Chrysanthemum morifolium (chrysanthe¬ 
mum) has been studied extensively (Table 9), Brachycome dichromo- 
somatica and Crepis capillaris have been used for cytogenetic studies 
of callus culture because of their low chromosome number. 

Twelve species of Compositae have been regenerated from in vitro 
callus culture (Table 9). Callus cultures are usually initiated and main¬ 
tained in culture medium with an auxin:cytokinin ratio >1 (Table 9), 
Although 0.5-53.7 pM NAA is most commonly used, 3-27 \M 2,4-D, 22.8- 
28.5 pM lAA, and 4.9 jiM IBA have been used (Table 9). In most in¬ 
stances the auxin is combined with 0.57-4,7 pM KIN (Table 9). Only in 
Chrysanthemum has callus initiation and maintenance in the presence of 
an auximcytokinin ratio <1 been reported; however, callus also may be 
cultured with 10.7 pM NAA alone (Bush et al., 1976; Earle and Lang- 
hans, 1974a,b). 

Plant regeneration is induced by reducing the auxin concentration 
and/or increasing the concentration of cytokinin. Kinetin is most 
effective in regeneration media at concentrations from 0,19 to 19 pM, 
Only in Stevia rabaudiana (Yang and Chang, 1979) is 6BA used, at 
4,4-8.8 pM, Regeneration of Chrysanthemum callus in enhanced by 29 
pM GA 3 , Callus cultures of composite species do not readily lose the 
ability to regenerate. Regeneration from 3- to 5-year-old Crepis 
capillaris callus (Husemann and Reinert, 1976), and 14-month-old B, 
dichromosamatica callus (Gould, 1979) has been reported. 

Brachycome dichromosomatica has been maintained as a diploid in 
callus culture for 14 months (Gould, 1979). Plants regenerated from 
this callus were also diploid. The chromosome stability of haploid and 
diploid Crepis capillaris was examined over a 1-year period in callus 
culture (Sacristan, 1971), Cultures that were initially haploid produced 
more polyploid than diploid cultures. Chromosome rearrangements and 
aneuploidy were more common in polyploids as well. Regeneration from 
these callus cultures was not reported. 


Miscellaneous Dicots 

Plants from 27 additional dicotyledonous families including 45 addi¬ 
tional species have been regenerated in vitro (Table 10). 

Several species of Scrophulariaceae have been regenerated. Torenia 
foi^nieri has been studied extensively (e.g., Bajaj, 1972). Shoots were 
initiated in numerous hormone treatments for both leaf (Bajaj, 1972) 
and internode (Kamada and Harada, 1979) explants. Five different 
cytokinins could be used to initiate shoot formation in T. fournierU In 
most cases 4.4 pM 6BA, 4,6 pM ZEA, or 7.3 pM 4-phenylurea was suffi¬ 
cient to initiate shoot formation (Kamada and Harada, 1979), whereas 



m 

o 

o 

<u 

Oi 

03 

« 

cd 

4>* 

xn 

a 

B 

o 

O 


c 

.2 

c 

V 

bo 

£ 


W 

o 

W 

fLi 

W 

P:^ 


Eh 

z 




in 


-«-> 

o « 


bO 

< 

p 

w 

Leaf 

Stem 

Shoot 

tips, 

petal 

Embryo 

8 

a 

>» 

K 

^.2 

•s ^ 

o 

Leaf 

C 

Q> 

03 

(» 


E- p 

O 

O Q 
tug 
CQ S 


s 

o 

H 
< 

P 03 P-) 

O 

P£i 

P 

E^ “S 
^ a 

o >3 

p 

o g 

p 

p 

< 

o 


•* lo 
00 

t> CO 

o> ^ 

tH 

'O t- OJ 
rd 0 > s_ 

2 fe 
O O 

O Eh 


^ V, 

•—I <u 


03 

w 
1—» 

O 

w 

a« 

03 


jplzi 
<1 >—' 

< ^ 9 
p 00 4h 


•« 

cd 


1 ^ 

43 

m CD ^ 

•'‘fe 

.. -a 05 5r 

03 r—4 

-as 

i^.S -H 


■a 


4-> ••»•& Oi ^ 'O 
<u so bo^ c! 

C*» C t>- . ai 

x: o» <s o) n b 

g T-l P rH g P 

(U > 


fc4 

as 

as 

>» 


(U 

m 

O 

> 

0) 

Q 


cd 

•a 

c 

as 

P 

•3 

as 

> 

-a o> 
p 


t- 

CO 

.a S c 

tH 03 

^ .*s 

r“ t>i ^ 

w ® 6 
?• n 

C-< M b 

<U IS P 

Q w 


o 

Cd 

(U 

cd 

P o 
P CO 
3 O) 
03 tH 


E 

(13 


W 


03 

S 

2 Q 

•3 

ffiig 

Ch 

(U 

tu 

s § 

C3 

c 

o 

o s 

a 

c 

o 

03 

03 


n 

P 



P 


03 


03 


03 


< ^ 

Sri 

a 


iz; 

f-H 

z 

HH 

1 

V.CS] 

tu 7* 

03 

Z 

W 

<1 

CO 

Sri 

4-> 

o 

“'Id. 

eo 

• 

C3> 

• 

CD 

• 

00 

m ’U 

^ O 

OQ 

z 

03 

O 


1—i 


z 

^ hh P 

<! so 

• 

00 ^ 


< 

< ^ 
P o 

CD tH 
ID 




z< 

S Z 

<? 

z 


in 

• iD 

cT 

CD 

c- 




!25 P 
< W 

® ^ CSI 

HH t- rrl 

OJ IS] rH 

^ tH 


P H-t <J I—I Q I— 

WTfi 

». I—I ^ Iv>( 

w oo CO .r*** 

<M <M iH 

00 o 

r# C<l ,H 



03 

1 

03 

a 

CO 


0) a; o 
a P '2 

&5 o I 
a 

O O 


I 


cd 

03 

•y 

Cd 

03 


*3 c 

I •» 0) o 

ISO'S,'-^ <u 'O 

^ o 6 .2 >> 

M O tu ■*-» 4-* 

+i o 3 2 o 

O 04 u Oj u 


£ 




< 

< 


ae 

^ uo 


a c *: 
CO 03 S O 
C3 .s P 
O 3 c ^ 
2 t; ® o 

« o'B w 

p ftn 


O Q> 

2 c 
p o 

fee 


3 5 


GROWTH REGULATORS 

SHOOT SHOOT 

CALLUS (nM) FORMATION (fiM) MEDIUM EXPLANT REFERENCE 



36 



Table 10. Regeneration in Miscellaneous Dicotyledonous Species 
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numerous combinations of cytokinin and auxin also have been successful 
(Bajaj, 1972). Shoot formation was induced from internode segments 
when cultured in 0.5 \M NAA with either 3.25 jiM SD8339, a cytokinin 
that has been used with N. tabacum (Nitsch et al., 1967), or 4.7 jiM 
KIN. Organogenesis of Torenia also could be regulated by application 
of amino acids; shoot formation was observed in cultures with glutamic 
acid and aspartic acid (Kamada and Harada, 1979). Organogenesis was 
also obtained in cultures of Verbascum thapsus, Digitalis purpurea, 
Limnophila chinensis, and Mazus pumiluSf but few hormone concentra¬ 
tions were investigated for any of these species (Table 10). 

Two species of Ranunculaceae undergo organogenesis. Plants have 
been obtained from Consolida orientalis and Coptis japonica (Table 10). 
In ConsolidQf organogenesis was obtained in White medium with CW and 
lAA. In vitro regeneration of Delphinium brunoniaruim and Clematic 
fouriana has been unsuccessful (Nataraja, 1971). 

Many of the other dicotyledonous species examined are economically 
important. Among species capable of plant regeneration, MS medium is 
most often used (24 species), although White medium has been used for 
the culture of eight species in eight different families. Five additional 
media were used for plant regeneration. Medium variation has not 
been studied extensively or demonstrated to be family-specific for plant 
regeneration. In Convolvulaceae and Primulaceae, one species of each 
family was regenerated in White medium and one species in MS medium 
(Table 10). 

In many species shoot regeneration via organogenesis was achieved 
by subculturing onto medium with a higher cytokinimauxin ratio. In 
some species the cytokinin:auxin ratio was held constant to achieve 
regeneration. Up to 13 different explants have been used to achieve 
organogenesis. A maximum of 11-50 shoots per leaf explant and 20-40 
shoots per shoot tip were reported for Peperomia spp. and Rubus spp., 
respectively (Henry, 1978; Broome and Zimmerman, 1978), 

Few angiosperm trees of economic importance have been regenerated 
in vitro from cell cultures. In most cases, an explant from juvenile 
tissue is used, e.g., embryo, hypocotyl, cotyledon, root sprout, stem 
segments, flower bud primordia. In only two instances has mature 
tissue been used. Wolter (1968) regenerated plants from 7-year-old 
callus initiated from the cambial region of the stem of diploid Populus 
tremuloides (quaking aspen). Mehra and Mehra (1974) regenerated dip¬ 
loid plants from Prunus amygdalus (almond) when stem and leaf sections 
were used as explants. 


Graminaceae 

In vitro plant regeneration can be induced in species of numerous 
families of dicotyledons, but monocotyledonous species have been more 
recalcitrant. This is unfortunate, as graminaceous species represent 
one of the most important sources of nutrition. Because of the large 
number of agriculturally important species in this family, most investi¬ 
gators using graminaceous species for studies on plant regeneration 
have restricted themselves to the cultivated crops. Hence comparisons 
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of regenerative capacity between cultivated crops and wild relatives 

have not been possible. , ^ 

Species within the two subfamilies, Poacoideae (grasses) and Panicoi- 
deae (cereals), have been cultivated in vitro with limited success. 
Meristematic tissues are generally used to initiate callus cultures 
capable of plant regeneration. Thus it has been suggested that regen¬ 
erated plants have been derived solely from preorganized structures 
(Thomas and Wernicke, 1978). Nonetheless, there has been evidence 
that plants regenerated from tissue culture may be useful in crop 
improvement in both corn (Gengenbach et al., 1977) and sugarcane 
(Heinz et al., 1977). 


POACOIDEAE. In vitro propagation may prove to be particularly use¬ 
ful among the grasses. These species are often propagated vegetatively 
in nature and may be both polyploid and uniquely variant in chromo¬ 
some number (Brown, 1972). Polyploidy and chromosome instability 
exists in Saccharum spp. (2n = lOX = 80 - 120) permitting genotypes to 
withstand changes in chromosome number. These instabilities may be 
useful for the initiation of genetic variation in vegetatively propagated 
grasses. Chromosomal variation has been observed in callus-derived 
plants of both sugarcane (Heinz and Mee, 1969) and Italian ryegrass 
(Ahloowalia, 1975), and those variants have been used successfully in 
breeding programs to select for disease resistance (Heinz et al., 1977) 
and other agronomic traits (Ahloowalia, 1976). 

Sugarcane is certainly the most malleable of the graminaceous 
species examined in vitro. Although the immature inflorescence is the 
most successfully cultured explant, various explants may be used for 
plant regeneration, including apical meristems, young leaves, and pith 
parenchyma (Liu and Chen, 1976). As plants have been regenerated 
from long-term callus cultures in sugarcane, it appears that plants may 
arise from completely unorganized tissue (Nadar and Heinz, 1977). 
Some evidence exists that plants obtained in vitro may originate from 
single cells via somatic embryogenesis (Nadar et al., 1978). MS 
medium, when supplemented with 2-13.6 iiM 2,4-D, has been used for 
callus initiation. Plants could be obtained when the 2,4-D was 
removed from the medium. Cytokinin (9.3 jiM KIN) has been present in 
some regeneration media used for sugarcane (e.g., Heinz et al., 1977), 
but it may be unnecessary (Liu et al., 1972). Shoots, when obtained in 
sugarcane, reportedly have been difficult to root (Heinz et al., 1977); 
however, young shoots, when separated from growing callus and placed 
on hormoneless medium or medium with lAA, form roots in a high per¬ 
centage of cultures. 

MS medium has been used to culture other grasses except Dactylis 
glomerata (SH medium). For D, glovneratQ, growth in SH medium, a 
medium devised specifically for monocots, was greater than on either 
B5 or MS medium (Conger and Carabia, 1978). 

Explant source may limit callus initiation and proliferation. In most 
cases young organized tissue such as immature inflorescences, embryos, 
e^yopses, peduncle, or mesoeotyl has been used to initiate caUus. 
High 2,4-D or 2,4-D with KIN was used to initiate callus formation from 
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these complex explants (Table 11). Removal or reduction of 2,4--D 
results in shoot formation in most grass species (Table 11). In addition, 
plants can be obtained from callus culture of some species that are 
over 1 year old (Table 11), The frequency of plant regeneration has 
not been reported for most grass species; nonetheless, plant regenera¬ 
tion in the reported species varied from 3.196 for Festuca (Lowe and 
Conger, 1979) to 66% for Pfo'ogmites (Sangwan and Gorenflot, 1975), 
Large numbers of shoots per explant have been reported for ryegrass 
(20-50 plantlets per culture; Ahloowalia, 1975) and Indian grass (5-20 
plantlets per culture; Chen et al., 1979). Albinos have been recovered 
in tissue cultures of some grass species, e.g., sugarcane (Evans and 
Crocomo, unpublished), following plant regeneration from callus. This 
phenotypic variation may reflect an underlying variation in chromosome 
number. 

Root formation has been initiated when shoots were transferred to 
fresh medium with no hormones (Kasperbauer et al., 1979; Chen et al., 
1979), with reduced mineral concentration (Conger and Carabia, 1978; 
Ahloowalia, 1975; Lowe and Conger, 1979), or with a high auximcyto- 
kinin ratio (Sangwan and Gorenflot, 1975). 


PAMCOIDEAE (CEREALS). Emphasis has been placed exclusively on 
agriculturally important species in studies of plant regeneration in the 
cereals (Table 12), Plant regeneration has been reported to occur in 
most cultivated cereal species, but probably involved existing meri- 
stematic centers (Rice et al,, 1978; King et al,, 1978). Extensive 
research has been carried out with Zea mays (corn), Triticum aestivum 
(wheat), and Oryza sativa (rice). Corn is certainly the most recalci¬ 
trant of these species, as plants have been obtained only from organ¬ 
ized explants. 

In Zea mays, callus can be initiated from a number of explants, but 
the ability to regenerate plants has been limited (Green, 1977). Im¬ 
mature embryos have been used most often for initiation of callus 
capable of plant regeneration (e.g., Green and Phillips, 1975). MS 
medium has been used most frequently. While 2,4-D has been the sole 
hormone used for callus initiation, the concentration has been varied 
from 2,3 jiM (Rice et al., 1978) to 67,8 jjM (Harms et al., 1976). Callus 
proliferation can be enhanced by the addition of 21.5 \M NAA and 0,24 
mM 2iP to 4.5 |iM 2,4-D (Green and Phillips, 1975), The scutellum of 
the immature embryo must be oriented upwards when immature embryos 
are cultured (Green, 1977), and downwards when young seedlings are 
cultured (Harms et al., 1976) for maximum callus induction. Plant 
regeneration has been obtained by removing the 2,4-D (Green and 
Phillips, 1975; Harms et al., 1976; Freeling et al., 1976; Rice et al., 
1978). King et al. (1978) have suggested that reports of plant regen¬ 
eration from cultured corn explants and most other cereals represent 
repression of shoot primordia during callus initiation followed by de- 
repression of preexisting primordia when the 2,4-D is removed. None¬ 
theless, the capacity for plant regeneration has been maintained 
following subculture of scutellar-derived callus for 19-20 months (Green 
and Phillips, 1975; Freeling et al., 1976), At least 16 Zea mays culti- 
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Basic Techniques of Plant Cell Culture 


vars have been tested for in vitro regenerative capacity with varied 
results. Only 3 of these 16 genetic lines have resulted in consistent 
plant regeneration: lines A188 and A188 X R-navajo (Green, 1977) and 
eultivar ’’Pior" (Harms et al., 1976). Green (1977) has concluded that 
regeneration in corn is genotype-dependent. 

Cultivated wheat, Triticum aestivum, has been investigated in greater 
detail than has corn. Of 15 eultivars examined in six different labora¬ 
tories, plant regeneration has occurred in only 5 eultivars. Callus 
proliferation has been classified extensively for both wild and cultivated 
species of Triticum, Gosch-Wackerle et al, (1979) initiated callus from 
the rachis and embryos of seven species of Thitzeum, including diploid 
(r. manococcuTrii T, longissimum, T. speltoides, and T, tauschUf 2n = 14), 
tetraploid (T. timephevii and T. turgidum, 2n = 28), and hexaploid (T, 
aesticum, 2n = 42) species. T-medium (after Dudits et al., 1975) with 
4,5 fiM 2,4-D was used to initiate caUus from embryos. Triticum 
tcLuschii formed the least amount of callus on these media. Results 
from other laboratories collaborate the ability to initiate callus from 
these seven species (Shimada et al«, 1969; Prokhorov et al., 1974), In 
addition, callus has been induced from an aneuploid series of ditelo- 
somies (Goseh-Waekerle et al., 1979). Only one of seven lines, ditelo 
lA, has a callus growth rate less than that of normal wheat. Plant 
regeneration has been obtained with three Triticum species (Table 12). 
For T, aestivwrii the eultivar "Chinese Spring" has been used widely, 
but regeneration also has been achieved with eultivars "Salmon," "Maris 
Ranger," "Mengavi," and "Tobari 66" (Table 12). Plant regeneration has 
been observed from callus derived from different explants including 
rachises, shoots, seeds, and embryos (Table 12). The greatest frequency 
of regeneration (45-68^) was obtained from embryo-derived caUus that 
had been initiated on MS medium with 9 |iM 2,4-D and was subcultured 
after the first or second transfer on medium with 4.6 jiM ZEA and 5.7 
|iM lAA (Gosch-Wackerle et al., 1979), The callus rapidly lost its 
organogenic capabRity, 

Rice, Oryza satiyUf is perhaps the easiest cereal species to regen¬ 
erate in vitro. Callus can be obtained from numerous young explants 
of rice using MS medium with 9-45.2 pM 2,4-D (Davoyan and Smetanin, 
1979). Shoot regeneration has been obtained from callus derived from 
seeds (Nishi et al,, 1973), immature and mature embryos, root tips, 
scuteUum, plumule, stem, and panicle (Davoyan and Smetanin, 1979). In 
each case shoots can be obtained following removal of 2,4-D from the 
medium. Although a cytokinin or auxin is unnecessary for shoot forma¬ 
tion, it can be enhanced by addition of 0.3-19.7 pM 2iP (Henke et al., 
1978) or 79.9 pM lAA and 9,3 pM KIN (Davoyan and Smetanin, 1979), 
The frequency of plant regeneration may reach 10056, e.g., 4-month-61d 
callus cultures derived from young root and leaf explants. The age of 
rice callus is inversely proportional to its regenerative capacity. 

Oats, barley, and some other cereals can also be regenerated (Table 
12). In each species the medium for callus proliferation includes 2,4-D. 
In no case has 2,4-D been included in the regeneration medium. Young 
explants which almost certainly have contained organized shoot apices 
have been used for callus initiation. In Avena sativa regenerative 
capacity can be retained in callus cultures maintained for 12-18 
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months, but in most species the ability to regenerate is lost after only 
a few subcultures (1-4 months). In Avena (oats), genotype represents 
an important factor in plant regeneration. Of 24 genotypes initiated in 
vitro (Cummings et al., 1976) 9 could not be regenerated, while an 
additional 5 had a very low frequency of plant regeneration. CaUus 
was initiated from seeds on MS medium with 22 jiM 2,4-D (Carter et 
al,, 1967) or SH medium with 9,1 jiM 2,4-D and 10,7 pM CPA (Lorz et 
al., 1976) or from immature embryos on B5 medium with 2.4-13.6 iM 

2.4- D, The 2,4-D must be removed for plant regeneration in each case. 
Although hormoneless medium is sufficient for plant regeneration from 
each explant, Lorz et al. (1976) have used a combination of three 
hormones to achieve regeneration (Table 12). 

Hordeum vulgare (barley) plants have been obtained from callus 
derived from shoot apices (Cheng and Smith, 1975; Koblitz and Saal- 
bach, 1976), mature embryos (Kartel and Maneshina, 1978), and imma¬ 
ture embryos (Dale and Deambrogio, 1979), Plants have been obtained 
from embryo-derived callus of four out of seven barley cultivars. 
Greater shoot regeneration was obtained for immature embryos on B5 
medium (5035) than on MS medium (1935) when callus was transferred 
from medium with 2,4-D to hormoneless medium (Dale and Deambrogio, 
1979). Plants of Sorghum bicolor have been regenerated from callus 
derived from seedling shoots (Masteller and Holden, 1970), immature 
embryos (Gamborg et al,, 1977), and mature embryos (Thomas et al,, 
1977). Although organized tissue was used, multiple shoot formation 
was obtained. MS is better than B5 medium for plant regeneration of 
sorghum (Gamborg et al., 1977). Callus can be induced with 5-67.8 pM 

2.4- D (Thble 12). Plants can be regenerated if subcultured on regen¬ 
eration medium with 1-2 months. The frequency of regeneration for 
immature embryos is 20-5035. Plant regeneration of Sorghum is auxin- 
dependent. Shoots could be obtained from immature embryos in the 
presence of 2,4-D, but only if a high concentration of cytokinin was 
also present, e.g., 10-50 pM ZEA. Maximum shoot and plantlet produc¬ 
tion was obtained when callus was subcultured on medium with lAA 
(Gamborg et al., 1977), NAA (Masteller and Holden, 1970), or with a 
combination of 6 BA, NAA, and GA 3 (Thomas et al., 1977), 

Four species of millets have been regenerated from mesocotyl tissue 
on MS medium in vitro (Rangan, 1974, 1976). Callus was induced with 
4.5 pM 2,4-D with or without 10-1536 CW. Regeneration was obtained 
when the 2,4-D was eliminated (P. mUiaeeum) or replaced with lAA or 
NAA, The frequency of regeneration for all four species has ranged 
from 36-8036 3-4 months after callus initiation. 

SecdLe cereale (rye) is one major cereal species that has not been 
tested for in vitro regeneration, although anther cultures of rye have 
been regenerated (Thomas et al., 1975). Nonetheless, hybrids of wheat 
and rye Cfriticale AD-20) have been regenerated in vitro and behave 
similarly to wheat (Prokhorov et al,, 1974). 
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Liliaceae 

Several agriculturally important species of Liliaceae have been regen¬ 
erated from callus culture, i,e., Allium cepa (onion), Allium sativum 
(garlic), and Allium porum (leek). Other horticulturally important Lilia¬ 
ceae also regenerate in vitro (Table 13). 

At least 21 species of Liliaceae have been regenerated from callus 
(Table 13). A successful regeneration protocol has been applied for 
several Haworthia species (Kaul and Sbaharwal, 1972). Callus cultures 
usually have been initiated and maintained on MS or LS medium. Ex¬ 
plant source does not affect the success of culture as dormant tissues, 
e,g., bulbs, and metabolicaUy active tissues, e.g., stem segments, leaf, 
seed, petal, and inflorescence segments, have been successfully ciitured 
(Table 13). Liliaceae callus is usually initiated and maintained in the 
presence of high concentrations of auxin, i.e., 11.4-45.6 nM lAA, 0.64- 
43 jjM NAA, or 0.54-9,1 nM 2,4-D. In most instances, a cytokinin, 
usually 1-10 iiM KIN, is also included in the culture medium. Lilium 
longiflorim callus can be initiated in the absence of phytohormones 
(Sheridan, 1968). 

Reduction of auxin concentration or increase of cytokinin concentra¬ 
tion induces the regeneration of shoots from callus cultures of Liliaceae 
species (Table 13), Shoot regeneration is often enhanced by culturing 
in the dark (Kato, 1978; Stimart and Ascher, 1978; Havranek and 
Novak, 1973). Chromosome instabilities have been associated with in 
vitro culture of liliaceous species, although these do not occur if plants 
are directly regenerated from explants (Reuther, 1978; Hussey, 1976). 
Increasing chromosome number is correlated with length of time in 
callus culture in Allium sativum (garlic) (Havranek and Novak, 1973), 
OrnithogdLum thyrsoides (Hussey, 1976), and probably Allium cepa 
(onion) (Davey et al., 1974; Hussey, 1976; Fridborg, 1971). Shoot 
regeneration from onion callus greater than 1 year old is rare (Frid¬ 
borg, 1971). Sheridan (1975), however, has maintained diploid callus of 
Lilium longiflorum for over 6 years with no change in chromosome 
number or regenerative ability. Plants regenerated from this caUus are 
diploid (Sheridan, 1975). 


Miscellaneous Monocots 

Four additional monocot species, representing four plant families, 
have been regenerated in vitro (Table 14). AU these monocot species 
require auxin to initiate callus proliferation with reduction of auxin 
necessary to obtain shoot development. All but Dioscorea deltoidea 
require cytokinm in the callus medium, while all but Anthurium andra- 
e^um require reduced auxin concentrations in the shoot induction 
medium. In most species young embryonic tissue has been used, but 

successful from mature leaf explants 
species may be maintained as caHus for 
extended time periods prior to shoot formation. Callus of D. deltoidea 

nw for 12 nionths and retains the capability 

for plant regeneration (Grewal and Atal, 1976). Agme species and 
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0,54-99.1 ence, stem, 
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Table 14. Plant Regeneration in Miscellaneous Monocotyledonous Species 
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Anthurium andraeamim also have been maintained in vitro for nearly a 
year prior to plant regeneration. 

Although MS medium has been used for each species, specific nutrient 
requirements also may exist for these monocot species. Growth of A, 
an^aeamim is enhanced if the NILNOj concentration is reduced from 
20,6 to 2,57 mM (Pierik, 1976), while proliferation of Ananas sativus is 
enhanced by the addition of 1.23 mM NaH 2 PO^ to MS medium (Mathews 
et al., 1976), These variations suggest that common media formulations 
often used for dicots may be insufficient for monocots. 


Gymnosperm Thee Species 

Plants have been regenerated from 14 gymnosperm tree species (Win- 
ton, 1978; Thorpe and Biondi, Vol. 2 of this series). Both organo¬ 
genesis and embryogenesis occur. Most research has been concerned 
with vegetative propagation of forest trees. The chief limiting factor 
for regeneration of gymnosperm trees is usually explant source, and it 
is necessary to use juvenile tissue, e.g., embryos or seedlings, for in 
vitro propagation (Table 15). The use of juvenile tissue precludes the 
selective propagation of a commercially desirable mature tree. Regen¬ 
eration of tree species has been reviewed (Bonga, 1977; Winton, 1978; 
Sommer and Brown, 1979). Although Winton’s review includes an exten¬ 
sive list of tree species regenerated in vitro, it has been suggested 
that in some cases, regeneration merely represents derepression of 
preexisting shoot primordia. 

Achievements in regeneration of plants from gymnosperms are similar 
to those with angiosperm trees. In several instances, regeneration has 
been achieved from mature needles, e.g., Pseudotsuga menziesii (Winton 
and Verhagen, 1977), Pinus sylvestris (Scotch pine) (Borman and Jans- 
son, 1980), and Picea abies (Norway spruce) (Jansson and Borman, 1980) 
and lateral branch shoot tips (Coleman and Thorpe, 1977), as well as 
from juvenile tissues (Table 15), Most gymnosperms can be regenerated 
only from juvenile tissue such as embryos and seedlings (Table 15). In 
many instances only regeneration directly from the explant with no 
intervening callus growth has been reported, e.g., Picea glauca (Camp¬ 
bell and Durzan, 1975); Pinus banksiana (Campbell and Durzan, 1975); 
and Pinus pinaster (David and David, 1977). 

Various culture media have been used to regenerate gymnosperms. 
Because regeneration has been achieved from Douglas fir using several 
different culture media (Table 15), the composition of the culture 
medium may not be crucial to success. Shoots usually can be regener¬ 
ated in the presence of 0.5-50 pM 6BA in the culture medium. A low 
concentration of auxin is included in the regeneration medium. Cheng 
(1976) demonstrated that as little as 0.5-5 pM NAA enhances shoot 
regeneration in Douglas fir. Regeneration can occur when the cytokin- 
in:auxin ratio is <1, Douglas fir has been regenerated on medium with 
4,5 pM 2,4-D or on medium with 24.7 pM NOA with 0.4 pM 6BA (Winton 
and Verhagen, 1977), Harvey and Grasham (1969) reported callus cul¬ 
ture of 12 conifer species, but apparently were not able to regenerate 
plants. 



Table 15. Regeneration of Pinaceae Species (Gymnosperm) 
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Basic Techniques of Plant Cell Culture 


Transfer of in vitro regenerated shoots of gymnosperm tree species to 
soil is quite often unsuccessful, as sometimes there is no viable vascu¬ 
lar connection between roots and shoots (Bonga, 1977). Excised conifer 
shoots are very difficult to root (Winton, 1978). In vitro regeneration 
of gymnosperm tree species will be economically feasible only if high 
frequency regeneration from tissue of mature trees and rooting of 
shoots can be achieved. 


PROTOCOLS 
Plant Growth 

The age and physiological state of the parent plant may contribute 
to the success of organogenesis in cell cultures. Of course the explant 
source will dictate the age of the plant used. Leaf explants can be 
taken from young preflowering plants, e.g., tobacco; however, Zea mays 
cultures are most often initiated from immature embryos. Nevertheless, 
it is imperative that the plant be as young and healthy as possible. 
The transistion from plant to culture is stressful, and old or senescent 
plants may not survive the transition. The importance of the age of 
the plant is most obvious in initiation of cultures from tree species, 
where usually callus can only be initiated from juvenile tissue, and not 
explants from mature trees. 

The success in initiation of cultures may depend on whether the 
parent plant is greenhouse or field grown. It is easier to control the 
development of a plant in the greenhouse, where water and tempera¬ 
ture can be monitored and controlled. In addition, control of diseases 
and general cleanliness may enable easier establishment of contamina¬ 
tion-free cultures from plants in the greenhouse. Obviously, for some 
species, greenhouse growth may not be practical, e.g., large trees or 
other perennials. 

The season of the year can affect callus initiation from explants, 
especially when the donor plant is field grown. Seasonal variations in 
the concentration of endogenous auxins have been observed (Wodzicki, 
1978) and also have been reported for establishment of potato meristem 
(Mellor and Stace-Smith, 1969) and conifer (Harvey and Grasham, 1969) 
cultures. For these species, spring and summer were found to be opti¬ 
mum seasons for starting cultures. Developmental stage and physiologi¬ 
cal state of the plant at the time of culture must be considered, 
because such factors as dormancy of the cambium or lateral buds, 
induction of flowering, etc., may affect the response and/or the success 
of initiating cultures. 


Explants 

Establishment of callus growth with subsequent organogenesis or 
embryogenesis has been obtained from many species of plants cultured 
in vitro. Most viable plant cells can be induced to undergo mitosis in 
vitro. Callus can be established from many explants. Plant regenera- 
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tion has been successfully accomplished from numerous explants (Table 
15), For any given species or variety, a particular explant may be 
necessary for successful plant regeneration; e.g., embryonic tissue is 
required for certain cereals. Explants consisting of shoot tips or iso¬ 
lated meristems, which contain mitotically active cells, have been espe¬ 
cially successful for callus initiation and subsequent plantlet regenera¬ 
tion (Murashige, 1974, 1979), Explants from both mature and immature 
organs can be regenerated directly or can be induced to proliferate 
and form callus on the appropriate culture medium prior to plant 
regeneration. Size and shape of the explant may be critical. The 
increased cell number present in explants of greater mass increases the 
probability of obtaining a viable culture. Yeoman (1970) has shown 
that differences in the critical size of carrot root and artichoke tuber 
explants reflect cell size. In each case the optimum explant contains 
20-25,000 cells. 


Culture Medium 

The essential components of plant cell culture medium have been 
summarized (Gamborg et al., 1976). MS medium (Murashige and Skoog, 
1962) contains a high concentration of nitrogen as ammonium (20 mM), 
while White’s medium (White, 1963) is ammonium-free. As high ammon¬ 
ium concentrations reduce cell growth in some plant systems (Gamborg 
and Shyluk, 1970), it may be difficult to transfer cells from White's (W), 
B5 (Gamborg et al., 1968), or SH (Schenk and Hildebrandt, 1972) 
medium onto MS medium. V^ite's medium is a low salt medium, while 
the other three media are classified as high salt media. SH medium 
resembles B5 medium, with some salts present in slightly higher con¬ 
centrations. LS medium (Linsmaier and Skoog, 1965) has also been 
used for plant regeneration. The macro- and micronutrients of LS and 
MS media are identical. As differences between these two media are 
found only in concentrations of vitamins and organic supplements, we 
refer only to MS medium. Other modifications to the organic additives 
of MS medium have been reported (Gamborg and Wetter, 1975). The 
organic supplements required in plant culture media include a carbon 
source and Adtamins. Sucrose is used as a carbon source but may be 
substituted with glucose. Other sugars are used less often. Vitamins 
most often added to culture medium include inositol, nicotinic acid, 
pyridoxine, thiamine, calcium pantothenate, and biotin, TTiiamine is 
required for plant growth, while the remainder enhance growth in some 
systems. Other vitamins have been used in plant systems. Vitamin E 
has been shown to regulate cell aggregation (Oswald et al., 1977), 
while vitamin D may enhance root formation (Buchala and Schmid, 
1979). Various plant extracts or undefined additives are sometimes 
added to the culture medium to increase cell growth. 
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Maintenance of Cultures 

Hie maintenance of cultures can determine whether a culture retains 
its organogenic potential. The most important factor in maintaining 
morphogenic potential is the maintenance of chromosome stability. 

Variation of chromosome number of plants in long-term cell suspension 
cultures has been well documented (Kao et aL, 1970). Chromosomal 
variation in cell suspension and callus cultures has been reviewed 
extensively (Krikorian et al., Ch. 16). It has been suggested that the 
progressive increase in variation of cultured cells is proportional to a 
progressive loss in organ-forming capacity (Torrey, 1967). Murashige 
and Nakano (1967) have shown that shoot-forming capacity of aneuploid 
Nicotiana tabacum is severely reduced, but Sacristan and Melchers 
(1969) were able to regenerate numerous aneuploids of N. tabacum with 
relative ease. IMortunately, the chromosome instability of cells in 
suspension culture has been compared with cells of regenerated plants 
in only a few eases (D’Amato, 1977). The chromosome variability of 
regenerated plants is always less than in the callus from which plants 
were derived; however, despite the occurrence of a wide range of 
chromosome numbers in callus culture, only diploid plants have been 
regenerated from Daucus carota (Mitra et al. 1960), Oryza sativa (Nishi 
et al., 1968), Primus amygdalus (Mehra and Mehra, 1974), and Triticum 
aestvvum (Shimada et al., 1969). These species range in somatic 
chromosome number from 2n = 2X = 16 for P. amygdcdus to 2n = 6X = 
42 for r. aestiyum. Consequently, under these plant regeneration 
conditions, diploids are selectively favored for these species. Orton 
(1980) has compared chromosome number of suspension and callus cul- 
times of Hordeum vulgare, H, jubatum, and their interspecific hybrid 
with plants regenerated from these cultures. In each case it is evident 
that no polyploid and a greatly reduced number of aneuploid callus 
cells are capable of plant regeneration. Identical chromosome number 
is insi^icient to conclude genetic stability. Only in long-term cultures 
of Lilium longiflorum have regenerated plants been shown to have the 
normal karyotype (Sheridan, 1975). Polyploid plants have been recov¬ 
ered from a number of cultures (D»Amato, 1977), including Nicotania 
tf acum (Kasperbauer and CoUins, 1972), Lilium longiflorum (Sheridan, 
1975), and haploid Pelargonium (Bennici, 1974). Polyploid changes are 
quite common in plants regenerated from anthers whether regenerated 
directly or via callus intermediate (D’Amato, 1977). 

A wide range of aneuploid plants have been recovered from tissue 
c ures of rmmerous species. Reduction in chromosome number has 
been oteerved in plants regenerated from callus cultures of triploid 
Un - = 21) ryegrass hybrids (Ahloowalia, 1976), while a wide range 

of aneuploids having additions and reductions in chromosome number 

1976) and N. tabacum 
and Melchers, 1969). Each of these chromosomal variants is 
wtc ^ phenotypic variation, including agriculturaUy useful 

V disease resistance (Krishnamurthi and Tlaskal, 1974 ). 

, aneuploidy, if not accompanied by a con- 
omitant depression of yield, is particularly valuable in vegetativeiv 
propagated agricultural crops. Aneuploidy and morphological variability 
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have been observed in plants regenerated from protoplasts (Matern et 
al., 1978) and in most somatic hybrid plants (e.g., Melchers and Sacri¬ 
stan, 1977). 

Chromosome number mosaicism of regenerated plants has been repor¬ 
ted in Nicotiana (Ogura, 1975), Hordeum (Orton, 1980), Triticum durum 
(Bennici and D'Amato, 1978), Saccharum CLiu and Chen, 1976), and 
Lycopersicon peruviamm (Sree Ramulu et al., 1976). The common 
occurrence of chromosome number mosaicism in regenerated plants 
suggests that plantlets originate from two or more initial cells (Bennici 
and D’Amato, 1978) or that new chromosome variability is generated in 
vivo after plant regeneration (Orton, 1980). Somatic mosaicism also 
has been reported in somatic hybrid plants derived from protoplast 
fusion where plants are presumably derived from single cells (Maliga et 
al., 1978). There have been suggestions that the chromosome number 
mosaicism of regenerated plantlets is reduced during the subsequent 
development of regenerated plants to mature plants. Nonetheless, this 
mosaicism may be established as perielinal or mericlinal "chimeras” 
(Sree Ramulu et al., 1976) or transmitted to subsequent generations 
(Ogura, 1976). Thie maintenance of chromosome mosaicism in vivo in 
regenerated plants may be under genetic control (Ogura, 1978). 

Evans and Gamborg (1982) have suggested that the frequency of sub¬ 
culture can effect the chromosome stability of cell cultures. In order 
to maintain chromosome stability, cultures are subeultured frequently, 
e.g., every 3-4 days for tobacco. With frequent subculturing, aneuploid 
cells do not accumulate in the cell culture. Cells are subcultured in 
late eKponential growth and hence never enter a stationary phase of 
growth. Therefore cells do not lag when subcultured. Using frequent 
subculture, a suspension culture of N. tabacum has been maintained for 
more than 5 years with the normal chromosome number of 2n = 48 and 
the ability to regenerate normal plants. 

Two modes of cell culture are generally used; (1) the cultivation of 
clusters of cells on a solid medium (e.g., agar, gelatin, filter paper, or 
millipore filters) and (2) the cultivation of cell suspensions in liquid 
medium. It is best to initiate new cultures in solid medium, as some 
essential nutrients may readily leak from small explants placed in large 
volumes of liquid medium. A suspei^ion cell culture is usually initiated 
by placing friable callus into liquid culture medium. The suspension 
usuedly consists of free cells and aggregates of 2-100 cells. The fre¬ 
quency of subculture of each should increase when cultures are estab¬ 
lished to achieve optimal growth rate and genetic stability (Evans and 
Gamborg, 1982). 


Plant Regeneration 

Growth regulator concentrations in the culture medium are critical 
to the control of growth and morphogenesis, as first indicated by Skoog 
and Miller (1957). Generally, a high concentration of auxin and a low 
concentration of cytokinin in the medium promotes abundant cell proli¬ 
feration with the formation of callus. Often, 2,4-D is used alone to 
initiate callus. On the other hand, low auxin and high cytokinin con- 
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centrations in the medium result in the induction of shoot morphogeny 
sis. Auxin alone or with a very low concentration of cytokinin is 
important in the induction of root primordia. 

Organogenesis can be induced from either cell suspension or callus 
cultures. As in most instances, cells must be transferred from high 
auxin to high cytokinin concentration culture medium. The efficiency 
of organogenesis can be effected if a residue of auxin is transferred 
with the cells into high cytokinin concentration regeneration medium. 
Shoots are almost always regenerated on solid medium. One need only 
transfer cells from callus medium to regeneration medium and continue 
normal subculturing on regeneration medium. Regeneration of shoots 
from suspension cultures is usually more efficient if cells are first 
subeultured 1-2 times in suspension culture medium with plant growth 
regulators for regeneration, i.e., high cytokinin. After subculture in 
regeneration medium, the auxin level is reduced and shoot regeneration 
on solid regeneration medium is more efficient. 

Tobacco has been used as a model system for in vitro studies on 
regeneration, since the classical studies of Skoog and MiUer (1957), It 
is one of the few systems for which some basic correlates for organo¬ 
genesis have been elucidated (Thorpe, 1980). 

The following is the protocol for organogenesis using tobacco leaf 
explants: 

1. Plants can be grown under normal greenhouse conditions but must 
be used prior to flowering. The youngest fully expanded leaves 
are collected from tobacco plants either 1-2 hours after sunrise 
or from dark-pretreated tobacco plants* 

2. Leaves are washed with mild detergent in water and rinsed first 
with 703s EtOH, then distiQed water. 

3. Leaves are sterilized in 20^ commercial hypochlorite solution for 
20 minutes. It is necessary to expose all leaf surfaces to the 
sterilizing solution. Hiis is often done by placir^ leaves in a 
small beaker on a gyrotary shaker. 

4. Leaves are rinsed in sterile distilled water three times and air 
dried for approximately 5 minutes. 

5. Leaves are cut into 1x1 cm sections and transferred to culture 
medium. 

6. Leaf explants should be placed onto agar-based MS medium with 
1-5 jiM 6BA for shoot formation. Shoots should appear in 3-4 
weeks. 

7. Alternatively, if callus formation is desired, leaf explants should 
be [daced onto MS medium with 4.5 |jM 2,4-D and 1-2 g/liter of 
casein hydrolysate. Callus formation should be visible in 4 weeks, 

8. Cultures should be placed in the light (ca. 1000 lux) with 12-24 
hours of daylight each day. Both shoot and callus formation can 
be obtained when cultures are grown at 22-28 C., i.e., ambient 
temperature should be adequate in most cases, 

9. When young shoots appear, they should be transplanted to rooting 
medium. Root formation can be observed in either hormone-free 
MS medium or in half-strength MS medium. 
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10* Rooted plants can be transplanted to Jiffy 7 pots. Humidity must 
be high for the first few days following transplantation to Jiffy 7 
pots. 

In addition to direct plant regeneration, presented in the above 
protocol, it is possible to obtain either callus-mediated plant regenera¬ 
tion or plant regeneration from cell suspension cultures in tobacco. If 
callus growth is initiated and maintained in medium with 2,4-D, the 
2,4-D must be replaced with a cytokinin to achieve shoot formation. 
In this manner plant regeneration has been obtained from long-term 
suspension cultures of tobacco (Gamborg et al., 1979). Numerous 
combinations of growth regulating auxin and cytokinins have been 
varied by researchers attempting to achieve plant regeneration in 
tobacco. 

This general protocol for in vitro manipulation of Nicotiana species 
can be adapted for use in developing an organogenic cell culture sys¬ 
tem for many crop species. The variables most likely to be changed 
are: (1) donor plant growth, (2) explant source, (3) culture medium, (4) 
plant growth regulator concentrations for eaUus initiation, (5) growth 
regulator concentrations for callus maintenance, and (6) culture condi¬ 
tions for plant regeneration. Most importantly, these are not indepen¬ 
dent variables; it is essential that each interact correctly with all 
others. 


FUnjRE PROSPECTS 

Few crop species have been recently added to the list of species 
undergoing organogenesis from in vitro cultures. At this time regenera¬ 
tion from long-term cultures is the most pressing problem. Although 
direct organogenesis from explants may be possible, in many instances 
regeneration from long-term cultures is impossible. Future emphasis 
should be placed on design of systems for regeneration of plants from 
long-term cultures. Whereas in the past a great deal of emphasis has 
been placed on investigation of plant growth regulator concentrations 
required for callus growth and organogenesis, little work has concentra¬ 
ted on other aspects of plant cell culture. 

The ability of a cell culture to regenerate plants is probably related 
to more than the growth regulator composition of the culture medium. 
All those factors which have been discussed in this review should be 
considered in development of protocols for plant regeneration. Probab¬ 
ly one of the most important factors in attaining plant regeneration is 
the method of maintenance of callus and suspension cultures. As dis¬ 
cussed earlier in this review, aneuploidy can severely restrict regenera¬ 
tion potential. Hence future research should emphasize establishment 
and maintenance of chromosomally stable cell cultures. Ihis in turn 
may enable expansion of the number of crop species that can be regen¬ 
erated from ceU culture. 

With the development of protocols for the regeneration of plants from 
in vitro cell cultures a number of other cellular and molecular tech¬ 
niques will be available for use in plant improvement. Genetic engi- 
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neering of higher plants will depend on the ability to regenerate plants 
from single cells, i.e., protoplasts. Protoplasts are useful in many 
respects, e.g., isolation of mutants, feeding of liposome encapsulated 
DNA, and somatic hybridization via protoplast fusion, but all these 
techniques depend on the ability to regenerate plants from long-term 
cell or protoplast cultures. 

A new source of genetic variability is available in plants regenerated 
from cell culture. This somaclonal variation is a useful source of 
variability only if plants can be efficiently regenerated from cell cul¬ 
tures. This variability is not only present in plants directly regener¬ 
ated from cell culture, but is also obvious in plants regenerated from 
protoplast fusion products (e.g., Evans et al., 1982). In this instance 
somatic hybrids demonstrate greater variability than sexual hybrids, 
even between sexually compatible species. Somaclonal variability can 
only be exploited for those crops that regenerate from ceU culture. 

The uniqueness of cellular and molecular genetics in higher plants as 
compared to animal cells is dependent upon the potential for regenera¬ 
tion of plants from ceU cultures. Without consistent regeneration of 
important crop species, agricultural applications of plant cell culture 
win be limited. 
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CHAPTER 3 

Embryogenesis 

RV. Ammirato 


The initiation and development of embryos from somatic tissues in 
plant culture, rather than the maturation of excised zygotic embryos, 
was first recognized by Steward (1958) and Reinert (1958, 1959) in cul¬ 
tures of Daucus carota (carrot) tissue derived from the storage taproot. 
Since 1958, investigations of somatic embryogenesis in carrot cultures, 
both of the cultivated and wild varieties, have been widespread (cf,, 
Tisserat et al., 1979, pp, 33-35) and the numbers of other species that 
have yielded somatic embryos in culture, either directly on explanted 
material or after tissue proliferation, have increased. Usserat et al. 
(1979) reported somatic embryogenesis in 32 famQies, 81 genera, and 
132 species. 

In addition to the development of somatic embryos from sporophytic 
cells, embryos have been fostered from generative cells, such as in the 
classic work of Guha and Maheshwari (1964) with Datura irmoxia micro¬ 
spores and Nitsch (1969) with Nicotiona tabacum microspores. Triploid 
embryos have also been observed in endosperm cultures of Santalum al¬ 
bum (Lakshmi Sita et al., 1980). 

Adventive or asexual embryogenesis is the development of embryos 
from cells that are not the product of gametic fusion. It is a well 
known natural phenomenon. Cells of the nucellus or inner integument 
may develop into embryos; members of the Rutaceae and especially 
Citrus species are perhaps best known for nucellar-derived embryos, 
often in addition to the expected zygotic embryo (Esan, 1973). Cells 
within the embryo sac proper, such as the synergid or antipodal, may 
also develop into embryos bearing the reduced or gametic chromosome 
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number. The proembryo, embryo, or its suspensor may also give rise to 
multiple embryos. In addition, there are examples of embryos arising 
naturally from endospermal celLs, as in the case of Brachiaria setigera 
(Muniyamma, 1977). More unusu^, embryos have formed within anthers, 
as with Narcissus biflorus (Koul and Karihaloo, 1977). For an excellent 
review of the natursJ occurrence of asexual embryogenesis, see Tisserat 
et al. (1979). 

Naturally occurring (in vivo) adventive or asexual embryogenesis is 
known to occur in many species; however, its occurrence is generally 
restricted to intra-ovular tissue. What is particularly striking about 
embryogenesis in plant cultures is the development of embryos from 
somatic cells (epidermis on hypocotyls, vascular parenchyma in petioles, 
or storage parenchyma in secondary root phloem) in addition to their 
formation from unfertilized gametic cells and tissues typically associ¬ 
ated with in vivo asexual embryogenesis (e.g., nucellus). 

Although the list of species for which somatic embryogenesis has 
been reported is long, the number of clear-cut examples is somewhat 
smaller. Somatic embryos should closely resemble their zygotic 
counterparts with the appropriate root, shoot, and cotyledonary organs. 
Extraneous proliferations should be absent. Tbey should be capable of 
growth into plants. Finally, there should be no vascular connection 
with the mother tissue as determined by histological sectioning. Ac¬ 
cording to Haccius (1978), "the most distinctive characteristic of an 
embryo is its anatomically discrete (closed) radicular end.” Unfortu¬ 
nately, for too many reports, convincing documentation of the formation 
of well-developed true embryos capable of growth into plants is lack¬ 
ing. 

Fortunately, somatic embryogenesis has been sufficiently observed in 
enough species and families to demonstrate that it is not a phenomenon 
restricted to just a few taxa. nie possibility exists that cells from 
any plant, given the appropriate stimuli and conditions, could be fos¬ 
tered to embark on the embryogenic pathway. At the present time, 
our understanding of these stimuli and conditions is fragmentary. The 
potentialities of somatic embryogenesis, however, encour^e periodic 
summaries of the information at hand. 

Ihis chapter will look at some of the species for which somatic em¬ 
bryogenesis has been reported and the conditions under which it was 
fostered, paying attention to the variables that seem particularly im¬ 
portant for success in both initiating embryo growth and manipulating 
their development. It will restrict itself almost entirely to somatic 
embryogenesis from sporophytic tissues, referring to androgenic embryos 
occasionally. For a more substantial discussion of androgenesis, the 
reader is directed to the section on haploid plants (see Chapter 6). 
The biochemical events associated with somatic embryogenesis, a key 
area of research, are discussed in Chapter 20. This review will not 
discuss the culture of excised zygotic embryos, although it is an inter¬ 
esting and important area of investigation. There are many excellent 
reviews that can be consulted (Raghaven, 1976; Norstog, 1979; Yeung et 
aL, 1981). 
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Basie Techniques of Plant Cell Culture 


LTIERATORE REVIEW 
Brief History 


The earliest work on somatic embryogenesis was conducted on carrot 
cultures, and a substantial number of more recent investigations have 
utilized this plant. In a way, it has become the proverbial "model sys¬ 
tem," and much of our limited understanding of somatic embryogeny has 
come from work with this plant—especially during the first decade of 
research. 

The earliest successes were achieved in media supplemented with 
coconut milk or water (Steward et al., 1958) and attention was focused 
on the role of the complex naturally occurring liquid endosperms that 
normally bathe zygotic embryos in nourishing young somatic embryos 
(Steward, 1963), Subsequent investigations showed that both the induc¬ 
tion of embryogenic growth and the promotion of maturation in carrot 
cultures could be achieved with totally defined media lacking CW (Rein¬ 
ert, 1959; Kato and Takeuchi, 1963). However, investigations of liquid 
endosperms yielded valuable information on growth promoting systems 
(Steward and Shantz, 1959) and CW continues to be extrememly useful 
both in embryo induction and maturation (e.g., Litz and Conover, 1980, 
1982; Pence et al., 1979; Thomas et al., 1977; Vasil and Vasil, 1980, 
1981a,b). 


During this early period of research, it was demonstrated that (1) 
the presence of an auxin or auxin-like substance was critical for 
embryo initiation and the lowering of the auxin concentration or its 
complete absence fostered maturation (Halperin and Wetherell, 1964; 
Halperin, 1966; Steward et al,, 1967) and (2) reduced nitrogen was 
important for both initiation (Halperin and Wetherell, 1965; Halperin, 
1966) and maturation (Ammirato and Steward, 1971). Thus the basic 
protocol calling for a primary medium with an auxin source and a 
secondary medium devoid of growth regulators, both containing a 
substantial supply of reduced nitrogen, was established. 

At first, it appeared that the explanted tissue on the primary 
medium ^ underwent cellular dedifferentiation to produce a mass of 
unorganized cells and cell clusters; transfer of these cells to a 
secondary medium prompted the initiation of embryonic development 
(Steward et 1964). Later observations (Halperin, 1966; Halperin and 
ensen, 1967) suggested that embryo initiation probably occurred during 
the primary culture and that the presence of auxin in the medium 
prevented their maturation. Further subcultures served to maintain an 
embryogenic population; embryos would mature when the auxin was re¬ 
moved. In many cultwes this is apparently what is occurring. Thus 
the auxin-plus and auxin-minus cultures are not comparable to "callus" 
and embryo populations or "pre-induction" and "post-induction" cul¬ 
tures but are in reality smaU globular proembryos in the former and 
maturing embryonic stages in the latter. 

Sharp et al. (1980) describe two routes to somatic embryogenesis. 
^e first js direct embryogenesis where embryos initiate directly from 
tissue in the absence of callus proliferation. This occurs through "pre- 
embryogenic determined cells" (PEDC) where the cells are already com- 
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mitted to embryonic development and need only to be released, Ibe 
second is indirect embryogenesis where some cell proliferation is 
required. This occurs in differentiated, non-embryogenic cells or 
"induced embryogenic determined cells” (EEDC), The nature of the 
induction of embryogenic cells and the question of "competence" (cf., 
Street, 1979) remain elusive and a worthy subject of further investiga¬ 
tion. 

The factors involved in maturation of somatic embryos, once cells are 
fostered to follow that pathway, also are poorly understood. However, 
it is clear from a number of studies, including one on caraway (Ammi- 
rato, 1974, 1977) that somatic embryo development is extremely plastic 
and subject to cultural and environmental variables. Older certain 
conditions, it is possible to have embryogenic cells but fail to provide 
the proper conditions to foster their normal maturation. Therefore we 
must be concerned not only with those species that have yielded 
somatic embryos in culture but also the variables and conditions that 
have regulated their initiation and development. 


Embryogenic Taxa 

An impressive number of species of the Umbelliferae, the carrot or 
parsley family, have produced somatic embryos in culture (Table 1). 
Most of the species follow the basic protocol: growth initiation on a 
medium with an auxin (2,4-D, NAA, lAA) and somatic embryo maturation 
when the cells are removed to a medium free of growth regulators. 
There are a number of cases where a cytokinin, such as kinetin, proved 
useful in either the establishment of the cell lines or in promoting 
somatic embryo maturation. In general, cytokinins are not needed. 

Table 2 lists Solanaceous species that have generated somatic 
embryos in culture, Nicotiana species, and especially N. tabacum 
(tobacco), have been the "model system" for studies of organogenesis in 
cultures (see Chapter 2), Interestingly, members of this genus, or of 
the entire family, have not readily produced somatic embryos from cul¬ 
tured somatic tissues. Until recently, the only cases were those of 
Haccius and Lakshmanan (1965) where N. tabacum ’Samsun’ was grown 
under conditions of high light intensity (10,000-15,000 lux) and a second 
report using dark grown petioles (Prabhudesai and Narayanaswamy, 
1973), With members of the Solanaceae, it has proven easier to foster 
embryos from microspores using anther culture, as in the classic work 
on N. tabacum (Nitseh, 1969). More recently, embryos have been 
observed in cultures derived from protoplasts of N. tabacum (Lorz et 
al., 1977), Lycopersicon peruvianum (Zapata and Sink, 1981), and 
Nicotiana sylvestris (Facciotti and Pilet, 1979). 

In addition to members of the Umbelliferae and Solanaceae, a range 
of dicotyledonous families have produced somatic embryos in culture 
(Table 3). The legumes (Leguminosae), so important agronomically, have 
proven especially difficult to grow in culture. There have been some 
notable recent successes. At the moment, the forage legumes such as 
Medicago sativa (alfalfa: Walker et al., 1979; Kao and Michayluk, 1981) 
and Trifolium pretense (red clover: Collins and Phillips, 1980) appear 



Table 1. Somatic Embryogenesis in the Umbelliferae 
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more amenable to in vitro culture than seed legumes. As with the 
Solanaceae, a number of recent sueesses have been with protoplast- 
derived cultures (Kao and Michayluk, 1980; Dos Santos et al;, 1980). 
Also of interest is the increasing number of woody plants that have 
responded in culture, e.g., Citrus (Kochba and Spiegel-Roy, 1973), 
Corylus (Radojevic et al., 1975), Coffea (Sondahl and Sharp, 1977), 
Liquidambar (Sommer and Brown, 1980), Alhizzia (Gharyal and Mahesh- 
wari, 1981) and Paulownia (Radojevic, 1979). Tb date, there are a 
number of dicotyledonous families where many species have been regen¬ 
erated via organogenesis but where somatic embryogenesis has not been 
observed, e.g., Compositae and Gesneriaceae. 

The monocots in general (Table 4) and the Gramineae (grasses and 
grains) in particular have proven especially difficult to grow in culture 
and regenerate somatic embryos (Table 5). Members of the Liliaceae 
appear to grow readily and regenerate plants via organogenesis (see 
Chapter 2) and somatic embryogenesis (Table 4). In the past it has 
proven easier to grow androgenic embryos from cereal anther cultures 
than to do so from somatic tissue, e.g., Oryza sativa cv. indica (Guha 
et al., 1970), TriticdLe (Sun et al., 1973), Triticum aestivum (Picard and 
Buyer, 1975) and Secale cereale (Thomas and Wenzel, 1975; Thomas et 
al., 1975). Recently there have been successes with the millets, Permi- 
stum americanum (Vasil and Vasil, 1980, 1981a), P. americanum x pur- 
pureum (Vasil and Vasil, 1981b), P. pupureum (Haydu and Vasil, 1981), 
and Panicum maximum (Lu and Vasil, 1981, 1982). In addition, somatic 
embryos have been observed in sorghum. Sorghum bicolor (Wernicke and 
Brettell, 1980; BretteU et al., 1980) rice, Oryza sativa (Wernicke et al., 
1981) wheat, Triticum aestivum (Osias-Akins and Vasil, 1982) and corn, 
Zea mays (Lu et al., 1982). Of particular interest are the embryogenic 
cultures that have been developed from vegetative rather than embry¬ 
onic tissue: immature leaves and inflorescences seem particularly amen¬ 
able. 

There eire few examples of somatic embryogenesis ouside the angio- 
sperms: Biota orientalis (Konar and Oberoi, 1965) and Pinus palustris 
(Sommer et al., 1975) among the gymnosperms and Zamia integrifolia 
(Norstog and Rhamstine, 1967) among the cycads. 

Tables 1-5 list specific information pertaining to the culture regimes 
for each species. Somatic embryo development generally follows the 
transfer of cells or callus to media lacking auxin, with reduced levels 
of the same auxin, or with similar or reduced levels of a weaker auxin. 
However, with a number of species, and in particular for the grasses, 
(e.g., Vasil and Vasil, 1980, 1981a,b; Ozias-Akin and Vasil, 1982), soma¬ 
tic embryo initiation and maturation occurs on the primary medium. 
Transfer to a secondary medium is needed for their growth into plants. 
From the tables, it is evident that each species has been grown with a 
protocol specifically (and often empiricaUy) developed for it. The next 
section will discuss some of the variables that affect somatic embryo¬ 
genesis and maturation in culture with a view to developing some basic 
concepts that may prove useful in either promotir^ somatic embryo¬ 
genesis in species that have so far resisted or in controlling somatic 
embryo maturation in those species where they can be grown. 



Table 4. Somatic Embryogenesis in Monocotyledonous Species (Except Gramineae) 
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EXPLANTS. For D. carota, the most "cultured" of all plant species, 
just about any part of the plant body taken at any time of develop¬ 
ment has successfully produced somatic embryos in culture: excised 
embryos (Steward et al,, 1964), hypocotyl 0?ujimura and Komamine, 
1979a), young roots (Smith and Stcgipt, 1974), tapropfs (Steward et al., 
1958), petioles (Hedperin, 1966), peduncle (Halperin and Wetherell, 1964), 
and protoplasts (Kameya and Uchimiya, 1972). This is apparently the 
case for many other taxa. 

For some species, however, only certain regions of the plant body 
may respond in culture. This is apparently the ease for many mono¬ 
cots, and especially for members of the Graminaceae. For these plants, 
regions of actively dividing cells seem to respond most readily. 
Immature embryos have been extremely useful, both in the grasses 
Bromus (Gamborg et al., 1970) and Lolium (D^e, 1980), the cereals 
Pennisetum (Vasil and Vasil, 1980), Panicum (Lu and Vasil, 1982), 
Triticum (Ozias-Akins and Vasil, 1982), and Zea (Lu et al., 1982). ^ 
many of these cultures, the orientation of the excised embryo on the 
primary medium is critical: the embryonic root-shoot axis must be in 
contact with the medium—the "face down" position (Vasil and Vasil, 
1981b), TTie seuteUum therefore sits on top and its proliferations 
generate the embryogenic tissue. It appears to be a particularly 
responsive tissue. When wheat plants were sprayed with 2,4-D shortly 
after flowering, seeds developed with multiple shoots CPerguson et al., 

1979) : histological studies traced them to adventive embryos that had 
formed on the scutellum of zygotic embryos. 

Embryogenic culture in the cereals have also been derived from 
young vegetative material, e.g., the basal 5-8 cm of the youngest 3-4 
leaves in millet (Haydu and Vasil, 1981) or sorghum (Wernicke and 
Brettell, 1980). Immature inflorescences have also proven suitable in 
the millets (Vasil and Vasil, 1981a,b) and sorghum (BretteU et al., 

1980) . 

Floral or reproductive tissue, in general, has proven to be an excel¬ 
lent source of embryogenic material, e.g., ovules {Carica papaya: Litz 
and Conover, 1982; Citrus species: Kochba and Button, 1974; Paulownia 
tomentosax Radojevic, 1979; Vitis \miferai Srinivasan and Mullins, 1980) 
and peduncles (Carica stipulata: Litz and Conover, 1980). Immature 
ovary tissue is preferable in daylily (Hemerocallisi Krikorian and Kann, 

1981) . 

In the case of English ivy, Hedera helix, which progresses through a 
clear-cut juvenile-adult phase transition, only cultures initiated from 
adult material produced somatic embryos (Banks, 1979). In summary, 
embryonic, meristematic, and reproductive tissues appear to have a 
propensity for embryogenic growth. 

The physiological state of the plant from which the explant is taken 
is also extremely important, as is the season during which material is 
removed (see Chapter 2). 

With somatic embryos reared from haploid microspores, diploid, tri- 
ploid, and tetraploid somatic cells and from triploid endosperm tissue, 
the underlying ploidy level clearly does not appear to affect the ability 
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of the cells to be reprogrammed to undergo somatic embryogenesis. 
The ploidy level of established cultures, however, may change and 
affect somatic embryogenesis. 

Mthin certain species, different genotypes have shown v^ying poten¬ 
tialities for somatic embryogenesis, e.g., in Medicago sativa (Kao and 
Michayluk, 1980), Trifolium praetense (Keyes et al., 1980), and Daucus 
carota (Steward et al., 1975). Three cultivars of Zea mays produced 
cultures capable of shoot organogenesis (Green and Phillips, 1975; 
Green, 1977) and only one cultivar, A188, readily produced somatic 
embryos (Green, personal communication). Recently Lu et al. (1982) 
reported somatic embryogenesis from all 12 genotypes of Zea mays 
studied, but the frequency of response varied considerably from one to 
another. 


CULTURE MEDIUM. Somatic embryos have been grown on a range of 
media from the relatively dilute Whited medium (White, 1963), to the 
more concentrated formulations of Gamborg et al. (1968), Schenk and 
Hildebrandt (1972), and Murashige and Skoog (1962). The B5, SH, and 
MS media are all classified as high salt media, and MS, in particular, 
has about ten times the salt concentration of White’s medium. In their 
survey of somatic embryogenesis in crop plants, Evans et al. (1981) 
noted that 70^ of the explants were cultured on a MS medium or a 
modification of MS. The choice of medium can affect embryogenic cul¬ 
tures. Mouras and Lutz (1980), while reaffirming the benefits of 
"strong” mineral solutions for the growth of embryos, emphasized that 
"weak” salt solutions appear to preserve the potentiality in embryo¬ 
genic suspensions. This has also been observed in the author’s labora¬ 
tory. 

A key element of the MS medium is the presence of high levels of 
nitrogen in the form of ammonium nitrate. The requirement for nitro¬ 
gen, in the case of carrot somatic embryos at least, can be satisfied 
by high concentrations of inorganic nitrogen in the form of nitrate 
(Reinert, 1967). However, the benefits of reduced nitrogen, in addition 
to nitrate, for both embryo initiation and maturation seem well estab¬ 
lished. l^ite’s medium, being particularly low in nitrate nitrogen and 
without reduced nitrogen, needs to be supplemented to support contin¬ 
ued somatic embryogeny. For somatic embryogenesis, the optimal 
concentration and form of the nitrogen supplies appears to be depend¬ 
ent on the auxin concentration (cf,. Sharp et al., 1980, pp. 273-275). 

The source of reduced nitrogen can be in the form of complex 
addenda such as CW (Steward and Shantz, 1959; Tulecke et al., 1961) 
or CH (Ammirato and Steward, 1971), a mixture of amino acids (Kato 
and Takeuchi, 1966), a single amino acid such as Lrglutamine or L- 
alanine (Wetherell and Dougall, 1976), or the presence of ammonium ion 
toperin, 1966; Ammirato and Steward, 1971). In all these cases there 
is also nitrate in the medium. There are cases, however, where ammo¬ 
nium ion can serve as the sole nitrogen source (Dougall and Verma, 
1978). Of all the amino acids, L-glutamine seems to play a special 
role. In a comparison of amino acids added singly, glutamine most 
readily promoted carrot somatic embryos (Kamada and Harada, 1979b). 
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It has proven beneficial, even when added to media already containing 
reduced nitrogen in the form of ammonium ion, e.g., Gossypium (Price 
and Smith, 1979), Carica (Litz and Conover, 1980), and Dioscorea 
(Ammirato, 1978a), 

Of the other salts present in aU culture media, potassium ion has 
been shown to be essential for somatic embryogenesis (Reinert et al,, 
1967). The effects of suboptimal concentrations are especially evident 
if nitrogen levels are low. 

Another feature of the MS medium and other media important to 
somatic embryogenesis is the presence of chelated iron, often in the 
form of iron EDTA. In embryogenie anther cultures, iron EDTA was 
superior to other iron chelates and to nonchelated iron salts (Heberle- 
Bors, 1980). In the absence of iron, embryo development fails to pass 
from the globular to the heart-shaped stage. This was observed in 
androgenic embryos of Nicotiana tabacum (Nitsch, 1969) and Atropa 
belladonna (Heberle-Bors, 1980) and in somatic embryos of Daucus 
carota (Havranek and Vagera, 1979). In the latter case the effect was 
used to "stage" embryo development: globular embryos were produced 
and "stored" in iron-free medium; embryo maturation proceeded when 
iron was restored. 


GROWTH REGULATORS: Auxins. With some species, e.g.. Citrus 
sinensis (Vardi et al., 1975) or Rex aquifolium (Hu et al., 1978), somatic 
embryos have arisen without the presence of exogenous plant regula¬ 
tors. These are most likely examples of predetermined embryogenie 
cells. For cultures derived from differentiated tissues, growth regula¬ 
tors in the medium and especially auxins or auxin in combination with 
cytokinin appear essential for the onset of growth and the induction of 
embryogenesis (Fujimura and Komamine, ,1980a). 

Some species readily produce embry6gtenic cultures with a range of 
different auxins, Embryogenie carrot cultures, for example, have been 
produced with NAA (Ammirato and Steward, 1971), 2,4-D (Halperin, 
1966), and lAA (Sussex and Frei, 1968), With other species, the choice 
is more limited, e.g., in millet cultures, as in the case of other cereals 
and grasses, only 2,4-D was effective (Vasil and Vasil, 1980, 1981a,b). 
Of all the auxin or auxin-like plant growth regulators, 2,4-D has proven 
extremely useful, being used in 57.156 of successful embryogenie cultures 
(Evans et al., 1981). More uncommon auxins also have been successful¬ 
ly employed, for example, 2-benzothiazole acetic acid (BTOA) in Tylo- 
phora indica (Rao and Narayanaswamy, 1972), para-chlorophenoxyacetic 
acid (pCPA) in Allium sativa (Abo El-Nil, 1977), and picloram in Ih^o- 
lium pretense (Collins sind Phillips, 1980). 

As seen in Tables 1-5, the auxin for the primary and secondary 
media may be the same or different; one auxin or several may be used 
in the same medium. For many cultures, a charge in auxin type or 
concentration is a necessary prelude to somatic embryo development. 

Effective concentration ranges are 0.5-27.6 jiM for 2,4-D and 0.5-10.7 
mM for NAA. Unusually high levels have been successful in certain 
species, e.g., 452 \M 2,4-D for Phoenix dactylifera (Reynolds and Mura- 
shige, 1979). In Medicago (Kao and Michayluk, 1981), the optimal con- 
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centration of growth regulators for somatic embryogenesis for each 
genotype was different and specific. Unfortunately, growth regulator 
levels must be determined empirically. 

Cytokinins. As seen in Tables 1-5, cytokinins have been important in 
a number of species. Evans et al. (1981) reported that cytokinins were 
used in the primary medium for 65.4% of the crop species and 21.4% of 
the noncrop species. For the secondary culture, cytokinins were used 
in 34 . 6 % of the crop species and 14.1% of the noncrop species. The 
effective concentration range for KIN is 0.5-5.0 mM. Cytokinins are 
important in fostering somatic embryo maturation (Fujimura and Koma- 
mine, 1980a) and especially cotyledon development (Ammirato and 
Steward, 1971). The requirement for a eytokinin may be specific: ZEA 
but not BA or KIN promoted somatic embryogenesis in carrot cultures 
(Fujimura and Komamine, 1975). Cytokinins are sometimes required for 
growth of embryos into plantlets (Kavathekar et al., 1978). In addition, 
they are especially useful in low-density cultures. 

Gibberellins. Gibberellins are rarely incorporated in primary culture 
media or used for maintenance of the line. However, they have proved 
useful in a number of eases in fostering embryo maturation or in stimu¬ 
lating the rooting and subsequent growth of plants, e.g., in Santalum 
dlbam (Lakshmi Sita et al., 1979), Panicum maximum (Lu and Vasil, 

1981) , Citrus sinensis (Kochba et al., 1974, and Zea mays (Lu et al., 

1982) . In combination with ZEA and ABA, GA 3 promoted more normal 
development of caraway somatic embryos (Ammirato, 1977). Kavathekar 
et al. (1978) overcame somatic embryo dormancy with GA 3 in Esche- 
scholzia cdL^omica, 

Complex and Sequential IVeatments. There are numerous examples 
where combinations of plant growth regulators were important in initi¬ 
ating and maintaining growth and in fostering somatic embryo develop¬ 
ment. In Carum carvi normal development could be manipulated by 
altering the relative levels of ZEA, GA 3 , and ABA (Ammirato, 1977). 

Equally important is the sequence of media and, especially, the 
^owth regulators (Steward et al., 1967). For many species one media 
is used for the initial callusing and for maintenance of the callus or 
suspension culture; a second medium is used for somatic embryo 
maturation; and a third to allow their growth into plants. For an 
increasing number of cases, however, a more complex sequence of 
media changes is needed. In Panax ginseng (Chang and Hsing, 1980) 
different media were needed for initiation of primary cultures, 
maintenance of cultures, initiation of somatic embryo development, 
proliferation of embryos, and stimulation of maturation. In Hemerocallis 
(Krikorian and Kann, 1981) a gradual sequence of changes involving 
growth regulators, coconut water, and different salt solutions were used 
to generate somatic embryos and plantlets. An elaborate sequence of 
media may be necessary in those cultures where somatic embryogenesis 
is now lacking. 
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GROWTH TNHIBirORS; Abscisic Acid, The role of inhibitors in somatic 
embryogenesis and especially ABA, a naturally occurring growth regula¬ 
tor, has been slowly emerging. When added at noninhibitory levels 
(usually 0.1-1 \M) to Carum cultures, ABA permitted embryo maturation 
to proceed but (1) inhibited abnormal proliferations, including initiation 
of accessory/adventitious embryos and (2) repressed precocious germina¬ 
tion (Ammirato, 1973, 1974). Normal dicotyledonous embryos, strikingly 
similar to zygotic embryos, were grown. Since then, the ability of 
ABA to inhibit embryo initiation has been observed in Daucus carota 
(Kamada and Harada, 1979a; Tisserat and Murashige, 1977). The 
normalizing effect of ABA on embryo maturation has also been observed 
with Daucus carota (Kamada and Harada, 1981) and Pemistum amerh 
canum (Vasil and Vasil, 1981a). ABA promoted somatic embryo develop¬ 
ment in Citrus ovular callus (Kochba et aL, 1978). Figure 1 illustrates 
the growth of Carum and Daucus somatic embryos and the effects of 
ABA in controlling maturation. 

Working with anther cultures, Nitsch and Nitsch (1969) observed that 
ABA did not prevent embryo development from Nicotiana tabacum 
microspores but did inhibit their germination. Imamura and Harada 
(1980b) demonstrated an increase in yield after soaking anthers for 3 
days in ABA prior to explanting. 

These responses to ABA have also been observed in cultures of ex¬ 
cised zygotic embryos. Ihle and Dure (1972) reported an inhibition of 
precocious germination in excised barley embryos; Choinski et al, (1981) 
saw a similar response with excised cotton embryos. Excised immature 
barley embryos completed normal embryonic development free of callus¬ 
ing on media with ABA (Norstog and Blume, 1974; Umbeek and Norstog, 
1979). 

Anti-auxins. 5-hydroxynitrobenzylbromide and 7-azaindole promoted 
somatic embryo development in citrus cultures (Kochba and Spiegel- 
Roy, 1977). Fujimura and Komamine (1979b) reported that the anti¬ 
auxins 2,4,6-trichlorophenoxyaeetic acid and p-chlorophenoisobutyric 
acid inhibited somatic embryogenesis but pointed out that their effects 
were at the early stages of embryogeny, when young somatic embryos 
are also sensitive to auxin in the medium. 

8-azaguanine, an inhibitor of cytokinin activity, has been shown to 
promote somatic embryo development in citrus cultures (Kochba and 
Speigel-Roy, 1977). When added to Carum carvi somatic embryos, 8-AG 
permitted somatic embryo maturation but prevented the formation of 
accessory embryos and callus, an effect similar to ABA (Ammirato, 
1978b). 

Growth promoters, even if not added to culture media, are found in 
embryogenic cultures (Carr and Reid, 1968). ABA, antiauxins, and 
other growth inhibitors may serve to promote somatic embryo matura¬ 
tion by countering the effects of growth promoters. Their addition to 
culture media may permit somatic embryo maturation to proceed under 
conditions when it normally would not occur. 
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Figure 1. The effects of ABA on somatic embryo development in um- 
bellifer cultures (all x 2). (la) Carum carvi (caraway) somatic embryos 
grown on MS basal medium in complete darkness in tumble tubes. 
Many embryos have proliferated to produce additional accessory em¬ 
bryos or callus, (lb) Carum somatic embryos grown on MS medium 
with 0.1 pM ABA. Most are normal dicotyledonous embryos free of 
extraneous proliferations. (Ic) Daucus carota (carrot) somatic embryos 
grown on MS medium in complete darkness in tumble tubes. Radicles 
and some cotyledons have elongated extensively. Carum (a) and Daucus 
show the range of embryonic structures found in different members of 
the Umbelliferae. (Id) Daucus somatic embryos grown on MS with 0.1 
pM ABA. The radicle has remained short; hypocotyls are relatively free 
of proliferations. Cotyledons are not as well developed as those on 
ABA-treated Carum somatic embryos (b). 
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ACnVATED CHARCOAL. ITie addition of activated charcoal to the 
medium has proven useful for somatic embryo development in many cul¬ 
tures, including date palm, Phoenix dactylifera (Tlsserat and De Mason, 
1980) and Carica stipulata (Litz and Conover, 1980), It has aided Dou- 
cus carota somatic embryo development, even in cultures that failed to 
produce somatic embryo when auxin is eliminated (Fridborg and Eriks¬ 
son, 1975; Drew, 1979a). In Hedera helix cultures, callus from mature 
stems gave rise to embryos only on medium containing activated char¬ 
coal; if omitted, only undifferentiated callus growth occurred (Banks, 
1979), Activated charcoal has been particularly useful in anther 
culture (see Chapter 6), 

Analysis of its effects show media with charcoal had substantially 
lower levels of phenylacetic and p-OH benzoic acids, compounds that 
inhibited somatic embryogenesis when added to cultures (Fridborg et 
al., 1978), Activated charcoal also has been shown to absorb 5- 
hydroxymethylfurfural, an inhibitor formed by sucrose degradation during 
autoclaving, as well as substantial amounts of auxins and cytokinins 
(Weatherhead et al., 1978). Thus it may absorb inhibitors that would 
prevent growth as well as reduce the level of growth promoters that 
would cause continued proliferation. On the other hand, activated 
charcoal will absorb certain iron chelates, namely FeEGTA and 
FeEDDHA, thereby preventing the transition from globular to heart- 
shaped embryos (Heberle-Bors, 1980); it does not appear to absorb 
FeEDTA. 


CARBOHYDRATES. Sucrose appears to be the most effective reduced 
carbon source for somatic embryogenesis, although many other mono- 
and disaccharides can be successfully employed (Verma and DougaU, 
1977), In certain cases, sugars other than sucrose have been used to 
advantage. High levels of glucose (6-103S) produced optimal somatic 
embryo development in one carrot line (Homes, 1967). Galactose 
stimulated somatic embryo development in citrus ovular callus cultures 
(Kochba et al., 1978). Changes in carbohydrates may prove beneficial; 
the growth of habituated, nonembryogenic ovular callus from the Sha- 
mouti orange for 4 weeks on agar without sucrose followed by transfer 
to media with sucrose stimulated somatic embryogenesis (Kochba and 
Button, 1974), 

Raising the sucrose concentration in the fwimary medium to 12% 
benefited the formation of embryogenic callus from the scutellum of 
immature embryos of Zea mays (Lu et al,, 1982), By increasing the 
sucrose concentration in Daucus carota and Siam suave somatic embryo 
cultures, precocious germination was prevented (Ammirato and Steward, 
1971); a similar response was seen by adding hexitois such as inositol 
and sorbitol. In these cases the additional sucrose and the addition of 
hexitois served to raise the osmotic concentration of the medium. Un¬ 
fortunately, embryos grown under these conditions showed substantially 
higher levels of accessory/adventitious embryos along their axes. By 
adding inositol while simultaneously lowering the sucrose concentration 
(and maintaining the cultures in darkness), Daucus carota somatic 
embryos matured free of extraneous proliferations and without germinat¬ 
ing orecociouslv (Steward et al., 1975). 
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Soluble starch added to Medicago sativa cultures permitted somatic 
embryo growth and prevented their dedifferentiation into callus^ it also 
led to the aging of single cells and loose cell clusters (Kao and Mich- 
ayluk, 1981). Reduction of the vitamin level to one-tenth normal con¬ 
centrations had a simQar effect, leading to the suggestion that starch 
absorbed molecules onto its surface, thereby reducing the availability of 
hormones and vitamins for callusing. 


ENVIRONMENTAL CONDFIIONS: Light. Somatic embryogenesis has 
occurred under a variety of light/dark regimes. In one case, Nicotiana 
tabacum (Haccius and Lakshmanan, 1965), high light intensities were 
required for somatic embryony. In other cases, Daucus (Ammirato and 
Steward, 1971) and Carum (Ammirato, 1974), embryo maturation pro¬ 
ceeded more normally in complete darkness. Newcomb and WethereU 
(1970) found that short exposures to far-red illumination enhanced 
somatic embryogenesis. 

Temperature. There has been little work on the effects of tempera¬ 
ture, and especially cold treatments, on somatic embryogenesis, al¬ 
though such treatments have proven valuable in inducing androgenic 
embryos (Nitsch, 1974; Nitsch and Norreel, 1973). In Citrus nueellus- 
derived cultures, embryogenic potential was reduced as the temperature 
was lowered from 27 to 12 C (Esan, 1973). Cold treatment of Esch- 
scholzia somatic embryos partially overcame innate dormancy (Kavathe- 
kar et al., 1977). 


CULTURE VESSELS AND THE STATE OF THE MEDIUM. The original 
reports that somatic embryogenesis will proceed on callus cultures 
grown on semisolid medium (Reinert, 1958, 1959) and in liquid suspen¬ 
sion cultures (Steward et al., 1958) illustrate the range of conditions 
under which somatic embryos can be grown. Somatic embryos have 
been raised on or imbedded within semisolid medium in flasks and jars 
with loose-fitting plugs or caps that allow for substantial gas exchange 
or with tight-fitting caps sealed with parafilm or tape that severely 
restricts flow. Somatic embryos have developed in liquid media con¬ 
tained in slowly rotating nipple flasks (Steward and Shantz, 1956) and 
tumble tubes (Steward et al., 1952), in Erlenmeyer flasks on rotary 
shakers (Halperin and WethereU, 1964), and in test tubes rotating 
I around their longitudinal axes (H^perin, 1966). They have also formed 
on filter paper bridges perched above liquid media (Smith, 1973; 
McWiUiam et al., 1974; Drew, 1979a,b). 

The general conclusion might be that the culture vessel, the position 
of the embryos (floating or submerged), and the physical state of the 
medium (semisolid or liquid, poorly or weU-aerated) have little effect. 
However, work with caraway somatic embryos has shown that the 
method of culture does affect maturation. Figure 2 shows comparable 
populations grown in the same amount and type of culture media but in 
three different vessels. Somatic embryos grown in Erlenmeyer flasks on 
a rotary shaker, where there is considerable agitation and aeration, are 
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Figure 2. Caram corvi (caraway) somatic embryo development as affec¬ 
ted by the culture vessel. Growth was in MS in complete darkness. 
Identical volumes were used in each vessel and aliquots of the same 
suspension were inoculated into each (all x 2.6). (2a) Somatic embryo 

development in Erlenmeyer flask placed on a rotary shaker. Almost 
every embryo proliferated producing additional embryos and callus. (2b) 
Growth in tumble tubes on a klinostat. Although many embryos have 
produced accessory embryos, cotyledonary development is normal. 
There are also some single embryos. (2c) Growth in test tubes rotated 
on their long axis. The extent of proliferations on the embryos is less 
than seen in flasks (a) and tumble tubes (b), but cotyledons developed 
poorly. Comparable populations grown with 1 (iM ABA in the medium: 
(2d) Flasks. (2e) Tumble tubes. (2f) Test tubes. Most embryos devel¬ 
oped normally. 
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considerably more abnormal (Fig. 2a) than those grown in tumble tubes 
which provide gentle agitation and aeration (Fig. 2b). Those grown in 
test tubes where they are continually submerged show still fewer 
abnormal proliferations, but cotyledons develop poorly (Fig. 2e). How¬ 
ever, with ABA in the medium, normal embryos matured in all vessels— 
flasks (Fig. 2d), tumble tubes (Fig. 2e), and test tubes (Fig. 2f). 


GASES. There have been only a few studies of the effects of gases 
within the culture vessel or dissolved in the medium. Kessel and Carr 
(1972) demonstrated that dissolved oxygen levels below a critical level 
favored embryogenesis, while higher levels promoted callus and root de¬ 
velopment. (More recent work (Kessel et al., 1977) traced the effect 
of increased adenosine levels in the low oxygen cultures.) 

Tisserat and Murashige (1977) reported that ethanol and ethylene in¬ 
hibited somatic embryo development in Citrus and Daucus cultures; 
Kochba et al. (1978) reported a stimulation in Citrus cultures by ethe- 
phan, which liberates ethylene. Dunwell (1979) found that a small 
atmospheric volume in the culture vessel repressed somatic embryo 
development in tobacco microspore cultures and traced the effect in 
part to ethylene. Imamura and Harada (1980a) showed that a pretreat¬ 
ment of tobacco anthers with reduced atmospheric pressure attained by 
aspiration increased the level of pollen embryogenesis. Rajasekhar et 
al. (1971) reported evidence of an unidentified volatile inhibitor of cell 
division that accumulated in suspension cultures under conditions of low 
aeration. Clearly, the availability, uptake, evolution, and dispersion of 
various gases can affect somatic embryogenesis. Surprisingly little 
attention has been devoted to this area. 

DENSITY. Halperin (1967) reported a direct relation between the 
density of embryogenic cells in the suspension and the degree of 
embryo maturation. This response to density has been noted many 
times in cell cultures (Street, 1977), Growth of somatic embryos below 
the "minimum effective density" can be fostered by the use of condi¬ 
tioned medium (Hari, 1980; Warren and Fowler, 1981). Media condi¬ 
tioned by Hordeum vulgare anthers or ovaries substantially increased 
the yield of androgenic embryos in anther cultures (Xu et al., 1981). 
Suspension cultures can sometimes be grown below this "minimum effec¬ 
tive density" if growth regulators and amino acids are added (cf,. 
Street, 1977 pp. 61-102). Recent work has shown that when Carum 
carvi somatic embryos are grown at low density, their maturation can 
be promoted and controlled by the application of ZEA and ABA in 
proper concentrations (Fig. 3). The effect of low density becomes 
especially critical if attempts to synchronize populations by sieving and 
centrifugation severely reduce the population density (Huber et al.. 


SYNCHRONY. Populations of somatic embryos typically show a wide 
range of sizes and stages of development because (1) at the time of 
transfer from the maintenance medium to the medium thnt will allow 
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Figure 3, Ibe interactions of ABA and ZEA on the development of 
Carum somatic embryos from small proembryonic units (<74 jim) inocu¬ 
lated at low density. Growth was in continuous light. Embryos failed 
to mature in unsupplemented MS, and both ABA and ZEA were required 
to promote growth and foster normal embryo maturation. A small but 
rpnp#»"pntfltivo p<^rtinn r»f pnnh cron shown 4.,5). 
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development, there is a range of proembryonic cell clusters from those 
with just a few cells to those substantially larger and (2) somatic em- 
bryogenesis is to some extent repetitive (this varies from species to 
species) so that new embryogenic centers may arise, either from cell 
clusters or maturing embryos. Having all the embryos pass through 
each stage simultaneously would be very valuable for both theoretical 
studies (biochemical analysis, e.g.) and for practical applications, such 
as mechanical planting or artificial seed production. Attempts at syn¬ 
chrony must address the problems of uniformity of inoculum and pre¬ 
venting adventive/accessory embryogenesis. 

The most common method for attaining some degree of uniformity, at 
least in terms of the starting population, is by means of sieving at the 
time of transfer to the secondary medium. A graded series of stainless 
steel mesh sieves (Halperin, 1966; Ammirato, 1974) or nylon mesh (Fuji- 
mura and Komamine, 1975) have proved adequate. Passing the suspen¬ 
sion through glass beads has also been effective (Warren and Fowler, 
1978). Sieving followed by centrifugation in 16% Fieoll solution con¬ 
taining 2% sucrose has isolated a population of Daucus cell aggregates 
from 3 to 10 cells each; these develop synchronously when moved to 
growth regulator-free medium (Fujimura and Kmomine, 1979a, 1980b). 

For controlling ’’repetitive embryogenesis," ABA has proven effective 
in Carum carvi (Ammirato, 1974) and Permisetum americanum (Vasil and 
Vasil, 1981a). 


GENETIC STABtUTY. Changes in the ploidy level have been noted in 
many cultures leading to mixed populations of polyploids and aneuploids, 
and plants regenerated from such cultures often show a range of chro¬ 
mosome complements (Sunderland, 1977; D’Amato, 1978). The embryo- 
genic capacity of cultures has been seen to decrease and disappear 
during progressive subculturing (Syono, 1965), and this loss of potential 
has been traced, at least in certain cases, to the change in chromo¬ 
some complement where aneuploids gradually replace diploid cells 
(Smith and Street, 1974). 

This loss of potential may not necessarily be permanent. In habitu¬ 
ated Citrus sinensis cultures, embryogenesis was restored by eliminating 
sucrose or aging the tissue (Kochba and Button, 1974). By changing 
the sequence of growth regulators with each subculture, a nonembryo- 
genic line of Daucus carota gradually regained embryogenic capacity 
(Chandra, 1981). Whether this was due to a selective enrichment of a 
small number of embryogenic cells remaining in the suspension, or the 
reinduction of cells that were epigenetically changed was not deter¬ 
mined. However, there is evidence that chromosomal, genetic and 
epigenetic changes occur as cells are cultured. 

Although some Daucus suspensions showed a range of chromosomal 
abnormalities, the regenerated plants were almost entirely diploid 
(Mitra et al., 1960; Mok et al., 1976). At that time it was thought 
that only cells with an unaltered chromosome complement could develop 
into somatic embryos and plants. However, in studies of somatic 
embryogenesis in long-term Daucus carota cultures, embryos and plants 
could be grown, but they were often sterile (Sussex and Frei, 1968). 
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Changes in the chromosome karyotype rather than complement have 
been seen in somatic embryos and plants, e.g., Hemerocallis (Krikorian 
et al., 1981). In Bromus inermis cultures (Gamborg et al., 1970), the 
res^ting somatic embryos were albino. In Lolium multiflorum (Dale, 
19^0), more than 50% of the regenerated plants were albino. 

Ihe maintenance of chromosomal and genetic integrity is essential if 
the goal of somatic embryogenesis is clonal reproduction. There are a 
number of studies demonstrating that frequent subculturing can effec¬ 
tively minimize the extent of chromosomal changes in cell cultures 
(Bayliss, 1977; Sunderland, 1977; Evans and Gamborg, 1982). Krikorian 
(1982) reported that the phenotype of Dcaicus ccarota plants raised from 
somatic embryos was normal, provided the suspensions from which they 
are derived were maintained for relatively short periods, i.e., less than 
a year. Thus the frequent establishment of fresh cultures from plant 
materials and careful attention to the subculture regime may help 
maintain genetic and chromosomal stability. On the other hand, soma- 
clonal variation that has arisen spontaneously appears to have tremen¬ 
dous potential for producing novel and useful varieties (Larkin and 
Skowcroft, 1981), as has been the case in Solanum tuberosum proto¬ 
plast-derived plants (Shepard et al., 1980). For more complete discus¬ 
sions, see Chapters 16 and 25. 


PROTOCOL 

The protocol for Daucus carota represents the classic example of 
somatic embryogenesis in culture: 

1. Place a 0.5-1 cm petiole explant or a 0.5 cm^ storage root 
explant on MS agar medium + 4.5 pM 2,4-D usir^ aseptic 
technique. 

2. After 4 weeks growth in light or darkness, there should be suffi¬ 
cient callus growth. 

3. Subculture 2.0-3.0 g of callus into 50 ml of MS liquid medium + 
4.5 |iM 2,4-D contained in a 250 ml Erlenmeyer flask or a culture 
flask (Steward and Shantz, 1956). Erlenmeyers are placed on a 
gyrotary shaker and maintained at 25 C and agitated at 125-160 
rpm; culture flasks are placed on a klinostat and rotated at 1 
rpm. The presence or absence of light is not critical at this 
stage. 

4. Erlenmeyer flasks are subcultured at 14-18 days; culture flasks at 
21-28 days. Rapidly proliferating cultures can be placed on a 
more rapid subculture schedule. 

5. Aseptic^y aspirate and/or decant the stale medium from step 4 
and resuspend the cells onto culture medium devoid of 2,4-D for 
initiation of embryo development. 

6. For a more uniform embrvo population, pass the poembryo suspen¬ 
sion through a series of stainless steel mesh sieves, starting at 
200 pM and proceeding to finer sieves. For carrot, the 74 pM 
sieve produces a fairly dense suspension of single and small 
multiple clumps. Sieving with the 43 pM sieve produces a very 
finp ciiRnf^nRion of solelv single clumps but at low density. 
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7. Transfer the washed and sieved suspension to 50 ml of MS basal 
medium in 250 ml Erlenmeyer flasks or 10 ml of the medium in 
the culture tubes of Steward et al. (1952). For more normal 
embryo development and to inhibit precocious germination, 
especially root elongation, 0.1-1 (iM ABA can be added to the 
culture medium at the time of inoculation. ABA can be dissolved 
slowly in distilled water at ambient temperature in complete 
darkness; it should be filter-sterilized and added to autoclaved 
and cooled medium. 

8. For more normal development, cultures should be grown in 
complete darkness. Embryos should appear in about 8 days and 
reach mature size in 10-15 days. 

9. Somatic embryos can be placed out on agar medium devoid of 
2,4-D for plantlet development. 

10. Plantlets are transferred to Jiffy pots or vermiculite for subse¬ 
quent development. 


FUITBE PROSPECTS 

The ability to raise somatic embryos in cell cultures creates a num¬ 
ber of opportunities not available when plants are regenerated via 
organogenesis. One distinct advantage is that somatic embryos are 
bipolar structures bearing both root and shoot apices. In one step, 
both meristems necessary for complete plant growth have been initi¬ 
ated. In organogenesis, root and shoot development are often mutually 
exclusive, and a sequence of media changes is necessary to generate an 
entire plant. Since cell or tissue transfers are expensive in terms of 
material and personnel time and increase the chance for contamination, 
somatic embryogenesis offers an attractive alternate for plant regenera¬ 
tion. 

In addition, embryogenic cultures optimally can produce large 
numbers of embryos per culture flask, many more than the multiple 
shoots generated adventitiously via organogenesis. And, when grown in 
liquid medium as suspension cultures, embryos usually separate from 
each other and float freely in the medium. Thus they do not have to 
be manually separated. Large numbers can be moved easily to the 
appropriate vessels for growth into plants. Suspension cultures of 
somatic embryos therefore are amenable to mechanical handling. Fluid 
drilling (Currah et al., 1974; Gray, 1981) has been suggested as one 
way to deliver large quantities of somatic embryo from culture flask to 
field (Evans et al., 1981). 

Embryos are natural organs of perennation, many of which typically 
become dormant. If dormancy could be induced in somatic embryos, 
the possibility arises that they could be incorporated into artificial 
seeds either by coating or encapsulation (Durzan, 1980; Murashige, 
1980). These artificial units could then be handled like normal seeds 
and stored, shipped, planted, and so forth. The difficulties in achieving 
this are impressive; synchronous or staged populations of somatic 
embryos of the proper genotype need to be produced, the capability of 
inducing, maintaining and then breaking dormancy established, and the 
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means to nourish the young "germling” while not encouragii^ the 
growth of microorganisms, such as those that lead to damping-off in 
zygotic seedlings, must be found. Still, it is an intriguing and 
potentially valuable prospect. 

Because of their innate properties as embryos, somatic embryos may 
prove useful for long-term storage, such as in germplasm banks. In¬ 
duced dormancy, artificial seeds, cold storage, dry storc^e, or cryo¬ 
genic preservation may play roles in this endeavor. 

The biosynthetic potentiality of cells and tissues in culture has long 
been of interest. Generally speaking, actively dividing cells in callus 
or suspension culture do not produce the chemicals found in the 
mature, nondividing differentiated cells. However, in recent years 
selection techniques have isolated actively dividing cell cultures that 
do synthesize certain metabolites (see Chapter 23). Somatic embryo- 
genesis may be another alternative to the production of important 
chemicals. For example, Al-Abta et al. (1979) demonstrated that flavor 
compounds in celery tissues were absent in undifferentiated callus but 
were produced by somatic embryos, especially at the most advanced 
stages. The secondary product composition of mature embryos and 
plantlets were comparable to that of intact plants (see Chapter 24). 
Somatic embryos in culture may be another way to achieve secondary 
product synthesis in culture. 

Finally, although the list of species that have been reported to gen¬ 
erate somatic embryos is impressive, it is relatively short in comparison 
to those regenerated via organogenesis (see Chapter 2) and shorter still 
in comparison to the list of plants of agronomic and horticultural inter¬ 
est. One major goal of future work is the continuation of efforts in 
fostering somatic embryogenesis in these still recalcitrant species. In 
addition, even in those plants where somatic embryos have been cul¬ 
tured, there is variation in response from variety to variety, from clone 
to clone, and from experiment to experiment. For practical applica¬ 
tions to occur, basic research must continue alongside. We must be 
able to routinely generate somatic embryos and manipulate their 
growth. For this, a better understanding of the controlling factors and 
underlying mechanisms is necessary. 

It is surprising that, in the 25 years since somatic embryos were 
first observed, there has not been a greater effort to use this remark¬ 
able tool for basic research. The strikir^ phenomenon of differentiated 
or otherwise committed somatic cells embarking on an embryogenic 
pathway provides a superb opportunity for exploring some of the funda¬ 
mental questions of growth, differentiation, and development. The 
competence of cells to retain and express totipotency, the nature of 
the events that mark the transition to embryonic growth, and the 
factors, endogenous and exogenous, that mediate the orderly sequence 
of changes wherein a small ball of cells develops into a complex 
embryonic plant can, and should, be answered by continued investiga¬ 
tions in this area. 
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CHAPTER 4 

Protoplast Isolation and Culture 

D.A. Evans and J.E. Bravo 


With the appropriate enzyme treatment it is possible to isolate proto¬ 
plasts from virtually any plant species or any type of plant tissue. 
However, the ability to isolate protoplasts capable of sustained cell 
division with subsequent callus or plant regeneration is limited to a 
small, albeit ever increasing, list of plant species. It is the purpose of 
th^ chapter to summarize the reports of successful protoplast isolation, 
with emphasis on subsequent plant regeneration, and to present gener¬ 
alized protocols for the isolation and culture of protoplasts that should 
optimize the morphogenetic potential of isolated protoplasts. 

The term protoplast refers to all the components of a plant cell 
excluding the cell wall. Protoplasts were first isolated using mechani¬ 
cal methods. In most cases, the yield of protoplasts was small, and 
only extremely large and highly vacuolated cells could be used for iso¬ 
lation. In addition, protoplast yields were not uniform using mechanical 
isolation. The use of cell wall degrading enzymes was soon recognized 
as the preferred method to release large numbers of uniform plant 
protoplasts. Under appropriate conditions, in a limited number of plant 
species, these protoplasts have been successfully cultured to resynthe¬ 
size a cell w^l and undergo cell division. While protoplasts were 
hailed as a unique method to work with isolated single cells, toti- 
potency was not demonstrated until 1971, when protoplasts of tobacco 
were regenerated into intact plants (Takebe et al., 1971). A large gap 
between expectation and performance plagued protoplast research 
during the mid-1970s, especially following the successful production of 
the first interspecific somatic hybrid plants produced by protoplast 
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potential application of protoplast isolation, culture, and fusion as 
means to develop new, unique crop varieties. Without exception, this 
promise of new crop varieties has remained unfulfilled. However, 
during the 1980s it is more likely that new crop varieties will be 
developed. As we are only now beginning to realize the unique genet¬ 
ic features of fused protoplasts (see Chapters 8 and 9), it is not 
surprising that this new technology has not been fully exploited. The 
primary limitation of application of protoplast techniques to crop 
improvement remains the inability to routinely regenerate plants from 
isolated protoplasts. 

As will be described in detail, protoplasts do not merely represent 
"wall-less cells” as originally envisaged. Treatment of plant cells with 
crude enzyme preparations that contain many undefined contaminating 
compounds undoubtably has a deleterious effect on cell viability. Also, 
the high osmotic conditions of early culture and the accumulation of 
metabolic products in protoplast culture media may also adversely 
affect cell viability. These deleterious effects on protoplast cultures 
may be reflected in abnormal wall resynthesis, delayed first division, 
accumulation of phenolic compounds, and eventual cell death. It is 
indeed true that a far greater number of plant species are capable of 
somatic organogenesis and embryogenesis from cultured explants (see 
Chapters 2 and 3) than are capable of regeneration of plants from 
protoplasts. The nutrient and environmental conditions for successful 
plant regeneration seem crucial to the success of protoplast regenera¬ 
tion experiments; however, a wide range of treatments and growth 
conditions will permit regeneration from cultured explants. Most 
reports of plant regeneration from cultured protoplasts have not 
examined many of these presumably crucial parameters in detail. Some 
authors emphasize different key factors to the success of protoplast 
regeneration experiments and ignore factors which had previously been 
considered crucial to success. These essential variables include types 
and concentrations of enzymes used for isolation, environmental condi¬ 
tions during isolation, growth conditions of the donor plant, or compon¬ 
ents of the protoplast culture medium. Most of these factors are 
discussed in this chapter, but it should be realized that no systematic 
investigation of all variables has been completed for any species or 
group of species. It is impossible to identify the one or two key 
factors that limit regeneration. Hence, protoplast isolation and culture 
is still empirical, and as such appears to be more an artistic method 
than a scientific method. 


ENZYMES USED FOR PROTOPLAST ISOLATION 

While the plant cell wall does not represent a physiological barrier, 
it is a formidable mechanical boundary in most higher plants. The cell 
wall offers support, prevents the outer membranes from bursting when 
osmotic pressures are altered, and prohibits entry of infecting micro¬ 
organisms. As the cell wall also interferes with most cellular genetic 
modifications, a great deal of effort has been directed toward isolation" 
of plant protoplasts. The three primary components of the plant cell 
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wall have been identified as cellulose, hemicellulose, and pectic sub¬ 
stances. Cellulose ranges from 259S of the dry weight of oat coleoptile 
cell walls to 50% of the walls of young cotton hairs (Setterfield and 
Bayley, 1961). Cellulose is a linear polymer of D-glucose with a p-1,4 
linkage. The molecular weight of cellulose may vary between 50,000 
and 2,500,000 d in different species. When hydrolysed with cellulase, 
this component of the cell wall produces eeUobiose and upon complete 
hydrolysis, glucose. Hemicelluloses are less well defined and appear to 
be mixed polymers of glucose, galactose, mannose, arabinose, and xylose 
(Selby, 1973). Most of these carbohydrates are linked with both ^>1,4 
and p-1,3 linkages. The average cell wall is composed of 53% hemi¬ 
celluloses. Pectic substances comprise about 5% of the primary eeU 
wall and are important in the structure of the cell wall and in estab- 
lishir^ connections between plant cells. Pectin is a polymer of methyl- 
D-galacturonate connected with cf-1,4 linkages with molecular weights 
of 25,000 to 360,000 d (Northcote, 1958). In addition, cell walls 
contain extensin, a complex glycoprotein that is attached to the cellu¬ 
lose fibrils, and many undefined lipids. 

Cocking (1960) first used enzymes to release plant protoplasts by 
applying an extract of hydrolytic enzymes to isolate protoplasts from 
tomato root tips. Since that time many enzyme formulations have been 
used to isolate protoplasts, and the most frequently used hydrolytic 
enzymes are now commercially available. Most enzymes have been iso¬ 
lated from microorganisms, and these isolates have activity for different 
components in the plant cell wall. Hence, the effective concentration 
and ratio of each enzyme may need to be altered when attempting to 
release protoplasts from a new species or tissue. 

A source of ceUulase and hemicellulase is crucial for release of 
protoplasts. Cellulase (Onozuka) RIO is partially purified from the mold 
of Trichoderma reesei (formerly T. viride; Tomita et al., 1968). The 
preparation commercially available from Kinki Yakult Co. (Japan) or 
Calbiochem (IB) contains both cellulase and hemicellulase activity. 
This enzyme has been used most frequently for protoplast isolation 
(Ruesink, 1980). Cellulases were discovered by identifying micro¬ 
organisms that were capable of growth on cellulose as the sole carbon 
source. The cellulases appear to be complexes with multiple distinct 
activities. Two components that have been separated using column 
chromatography are necessary for hydrolysis of cellulose (Selby, 1973). 
The Cl component is essentially a chain-separating enzyme, while the 
Cx component is responsible for subsequent depolymerization to glucose. 
The two components act synergistically to digest cellulose. 

Additional hemicellulase may also be necessary for recalcitrant 
tissues. The most frequently used hemicellulase has been Rhozyme 
HP150 (Table 1). Pectinases are also used in most protoplast isolation 
procedures. The most frequently used pectinase is Macerozyme (Macer- 
ase), which was derived from the fungus Rhizopus, When used alone 
pectinase has been effective in eeU separation from leaf explants (Usui 
and Takebe, 1969). Some reports have stated that pectinase has been 
used alone to release protoplasts from fruit tissue (e.g., berries of 
Solium nigrum; Raj and Herr, 1970). However, it should be noted that 
fruit tissue produces hydrolyzing enzymes during the ripening process. 
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More frequently, pectinase is combined with cellulase to result in a 
one-step isolation of plant protoplasts. A more potent pectinase, 
Pectolyase Y23, has been suggested as an alternative enzyme that 
releases tobacco leaf protoplasts in 25 min when combined with Cellu- 
lysin (Nagata and Ishii, 1979). Pectolyase has high activity of pectin 
lyase and polygalacturonase. 


Table 1. Source of Commercial Enzymes for Protoplast Isolation 


ENZYME 

COMMERCIAL SOURCE 

ORGANISM 

Cellulases 

Driselase 

Kyowa Hakko Kogyo Co. 
(Japan) 

Plenum Scientific, 

Hackensack, NJ. 

a Basidomycete 

Cellulysin 

Calbiochem, San Diego, CA. 

Trichoderma reesei 

(Onozuka 

(formerly 

RIO) 


T. viride) 

Cellulase 

Sigma Chemical, St. Louis, 

MO. 

Aspergillus niger 

Hemicellulases 

Rhozyme HP 150 

Corning Glass, Corning, NY. 

A. niger 

Hemicellulase 

Sigma Chemical, St. Louis, 

MO. 

A. niger 

Pectinases 

Macerase 

Calbiochem, San Diego, CA. 

Rhizopus spp. 

(Macerozyme) 

Pectinol AC 

Corning Glass, Corning, NY. 

A. niger 

Pectolyase Y23 

Kikkoman Shoyu Co., Ltd. 
(Japan) 

A. japonicus 

Pectinase 

Sigma Chemical, St. Louis, 

MO. 

A. niger 

PATE (pectic- 

Hoechst (Germany) 


acid-acetyl 

transferase) 


Other enzymes have been used to isolate protoplasts. In most cases 
these enzymes are used in combination with the enzymes in Table 1 
and are used to treat a tissue that does not release protoplasts easily. 
For example, helicase, derived from snails, has been used in combina¬ 
tion with macerase and cellulase to release protoplasts from potato 
tubers (Lorenzini, 1973). Colonase, a stronger pectinase, has been used 
in combination with Cellulysin to release protoplasts from rice callus 
(Wakasa, 1973). Glusulase, frequently used to produce yeast proto¬ 
plasts, has been used with Cellulysin to release barley aleurone proto¬ 
plasts (Taiz and Jones, 1971). Zymolase, a crude enzyme preparation 
from Arthrobacter luteus, has been effective in releasing protoplasts 
from pollen tetrads (Wakasa, 1973). These infrequently used enzymes 
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are not normally necessary to release leaf mesophyll or cell suspension 
cultured protoplasts. 

Most commercial enzyme preparations contain toxic substances and 
unnecessary impurities. In many cases these include contamination with 
ribonucleases, proteases, lipases and various other enzymes, phenolics, 
and salts. Impurities have resulted in inconsistency between batches of 
enzymes. Such inconsistency has been a particular problem for batches 
of Driselase (Eriksson, 1977). Schenk and Hildebrandt (1969) purified 
commercial cellulases to eliminate toxic compounds in an attempt to 
increase yield and viability of protoplasts. Very highly purified cellu¬ 
lases were less effective in release of protoplasts than partially purified 
preparations, suggesting that some additional contaminating enzymes are 
necessary for efficient cell wall digestion. However, partially purified 
preparations had improved yield and viability of protoplasts from 19 
species when compared to untreated commercial enzyme preparations 
(Schenk and Hildebrandt, 1969). Other authors have reported improved 
yields and viability by using desalted enzyme preparations. The 
protocol used in our laboratory to desalt commercial enzyme prepara¬ 
tions is summarized in Table 2. The desalting is best carried out on a 
column, as dialysis tubing may be degraded by the enzymes. Desalted 
enzymes facilitate the ease of protoplast isolation (Kao et al., 1971; 
Vasil et al,, 1975) and improve protoplast viability and plating efficien¬ 
cy (Patnaik et al., 1981). 

Table 2. Protocol for Desalting Commercial Enzyme Preparations. 


1. Dissolve 10.0 g of commercial enzyme in 100 ml distilled H 2 O. Stir 
on slowest speed of magnetic stirrer for 1 hr at room temperature. 

2. Centrifuge (Sorvall 8-34 rotor) 8000-9000 rpm (8000 x g) for 15 min 
to pellet insoluble materials. Collect supernatent and load on to a 
Biogel P6 column (4,5 cm x 48.5 cm) equilibrated with distilled 
H2O. 

3, Allow enzyme to run into column, followed by 20 ml distiUed H 2 O, 
When this enters column, place 50 ml of distilled H 2 O on column 
and continuously drip distilled H 2 O from a reservoir to elute the 
enzyme, 

4, Enzyme will consist of light and dark brown areas on the column. 
As soon as the first light brown fractions are collected, begin 
testing for protein as follows; 

(a) Mix 1 drop of fraction with 2 drops of 10% TCA (4 C). 

(b) Foaming and cloudiness indicates protein is present, 

(c) Test every 5 fractions until negative reaction is obtained, 

5, Combine all protein containing fractions in glass petri plates 
freeze, and lyophilize for 15-16 hr. Lyophylized enzyme should be 
stored at -20 C until needed for protoplast isolation. 

6. This procedure can be used for all commercial enzymes, although 
slight differences in the TCA reactions are observed with commer- 
cially available preparations. Macerase generally gives a weak 
reaction, whereas cellulase and driselase have an intense reaction 
when mixed with TCA. 
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PROCEDURES FOR PROTOPLAST ISOLAHON 
Osmotic Conditions 

Protoplasts released directly into standard cell culture medium will 
burst. Hence the pressure that is mechanically supported by the plant 
cell wall must be replaced with an appropriate osmotic pressure. The 
osmotic pressure between cell interior and exterior must be balanced 
or transfer of cells to a plasmolyzing solution will induce stress on the 
plant cell. It has been observed that when osmotic pressure is too 
high, metabolism and growth are impaired. This can be monitored by 
reduced uptake of amino acids across the plasma membrane (Ruesink, 
1978) and reduced cell wall regeneration (Pearce and Cocking, 1973). 
The synthesis of new cell wall material is influenced by both the type 
and concentration of osmoticum. Hence protoplasts should be just 
slightly plasmolyzed during isolation. Commonly used protoplast isola¬ 
tion solutions are outlined in Table 3. 


Table 3. Sample Protoplast Isolation Solutions 



TOBACCO 

LEAF 

TOBACCO 

SIEPENSION® 

POTATO 

LEAF*’ 

Enzymes 

Cellulysin 

0.5% 

0.5% 

2% 

Pectinase 

0.25% 

0.25% 

1% 

Macerase 

0.25% 

0.25% 


Rhozyme 

0.25% 

0.25% 

1% 

Osmoticum 

Glucose 

0.38 M 

0.34 M 

0.7 M 

Supplemental Chemicals 

CaClj • 2 H 2 O 

4 mM 

3 mM 

6 mM 

MES 

- 

1.5 mM 

3 mM 

NaH 2 P 04 - 2 H 20 

- 

- 

0.7 mM 

Time of Incubation 

5 hr 

6 hr 

4-16 hr 


^Flick and Evans, in press. 
'^Gamborg et al., 1981. 


Osmotic pressure is manipulated by adding various sugars or sugar 
alcohols to the isolation and culture solutions used for protoplasts. 
Mannitol, sorbitol, glucose, and sucrose have all been frequently used. 
Mannitol and sorbitol, separately or in combination, have been used 
most often, with mannitol preferred for isolation of leaf mesophyll 
protoplasts. Glucose has been used successfully as an alternative to 
these hexitols (Kao and Michayluk, 1974) for cultured cells. Mineral 
salts, particularly KCl and CaCl 2 (Horine and Ruesink, 1972), have also 
been used, but there has never been good evidence that they are pre¬ 
ferable to mannitol or sorbitol. 

Concentrations of 0.23-0.90 M mannitol have been successfully used 
during isolation of protoplasts. The effective osmotic concentration will 
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depend on the leaf cell osmotic pressures at the time of isolation. 
Endogenous cell osmotic pressures are markedly influenced by environ¬ 
mental conditions (Shepard and Totten, 1975), and can be manipulated 
by dark pretreatment of plants, use of young leaf tissues, etc. 

Upon transfer of protoplasts to culture medium, it may be appropriate 
to use metabolically active osmotic stabilizers (e.g., glucose and 
sucrose) along with metabolically inert osmotic stabilizers, such as 
mannitol. Active substances will be gradually metabolized by the 
protoplasts during early growth and cell wall regeneration, resulting in 
a gradual reduction in the osmoticum. This eliminates sifdden changes 
in osmotic potential when regenerated cells are transferred to a nutri¬ 
ent media for regeneration (Eriksson, 1977). 


Donor Tissue 

While leaf tissue has been used most frequently for protoplast isola¬ 
tion, protoplasts have been isolated from many other plant tissues 
(Table 4). Usually types and concentrations of enzymes are similar for 
most of the tissues used. However, certain tissues, such as aleurone, 
root tips, or pollen cells, require much higher concentrations of 
enzymes or longer incubation times to release protoplasts. For ex¬ 
ample, using concentrations of enzymes similar to those used for leaf 
tissue, protoplasts of pollen tetrads were not released for 30 hr 
(Redenbaugh et al., 1980). 

When protoplasts are isolated from tissue of the intact plant, the 
growth conditions of the plant are crucial to the success of protoplast 
culture. Watts et al. (1974) demonstrated that conditioning of plants is 
critical for successful culturing of leaf protoplasts of Nicotima taba- 
cum. The plants must be undergoing rapid growth with ideal conditions 
of 22 C, 15-hr daylight of 10,000-20,000 lux and fed weekly with high 
nitrogen fertilizer. During summer it was important to reduce the 
light intensity. These authors observed that the age of the plant was 
also critical to success of protoplast isolation. Plants older or younger 
than 40-60 days were unsatisfactory for protoplast isolation. These 
authors suggested that poor protoplast release was related to sene¬ 
scence when the plants flowered. In addition, striking differences in 
protoplast release were observed when three varieties of tobacco were 
compared. 

Similarly, Shepard and Totten (1977) maintained that specific plant 
growth conditions were necessary for sustained growth and development 
of protoplast cultures of Solarium tuberosum. Potato plants were raised 
from potato tubers in environmentally controlled growth rooms prior to 
protoplast isolation. Plants were maintained in high light intensity 
(15,000 lux) with a 12-hr light period until 4-10 days before protoplast 
isolation. At this time plants were transferred to a room with lower 
light intensity (7,000 lux) with a 6-hr light period. The plants were 
maintained at 24 C and 70-7595 relative humidity throughout and were 
fertilized daily with a dilute fertilizer solution (1 gAiter of 20-20-20 
fertilizer). Variation from this procedure reduced survival of the potato 
protoplasts. 
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Kao and Michayluk (1980) established optimum conditions for release 
of protoplasts from alfalfa. Leaves were taken from young plants main¬ 
tained in a growth chamber at 21 C with 12-hr illumination and ferti¬ 
lized weekly. Illumination of 12,000 lux was preferred to higher inten¬ 
sities. Leaves were detached and prepared for isolation after the 12- 
hr dark period. Protoplasts were released from four successive leaves 
to ascertain the effect of leaf age on protoplast viability. A longer 
incubation time was required to release protoplasts from older leaves. 
For most individual plants used, protoplasts from the youngest alfalfa 
leaves had the highest plating efrieiency. 

Preisolation growth conditions of plants were also critical for release 
of viable protoplasts from eggplant. Plants were grown at 7500 lux 
with 16-hr illumination at 26 C, Only young plants, with four or less 
leaves were used for mesophyll protoplast isolation (Bhatt and Fassulio- 
tis, 1981). Similarly, young plants were required to release protoplasts 
from rice leaves (Deka and Sen, 1976), 

In cultivated crops in which plant regeneration has been difficult 
from protoplasts, e.g., tomato, particular attention has been directed to 
the growth of donor plants to establish conditions suitable for release 
of viable protoplasts. Shepard (1981) developed a procedure similar to 
pretreatment of potato plants, to optimize release of protoplasts of 
tomato. Plants were maintained in high light, 12-hr photo period, at 
24 C and 70-7556 relative humidity, conditions that were identical to 
those used for the initiation of potato plants. Seven days prior to 
protoplast isolation, tomato plants were transferred to 30 C under 
16-hr daylight with only 500 lux for optimum protoplast release. 
Cassells and Barlass (1978) also emphasized that tomato plants must be 
grown under low-light intensity for optimum protoplast release. They 
routinely used calcium nitrate fertilization. Tal and Watts (1979) 

observed that optimum protoplast release was obtained when tomato 

plants were grown in 8256 relative humidity and maintained at low 
temperatures. 

Preincubation of tissue in vitro has been used in combination with 
growth of donor plants under optimum conditions to increase the re¬ 
lease and viability of protoplasts, Kao and Michayluk (1980) found that 
protoplast yield from alfalfa was enhanced considerably if leaflets, with 
the lower epidermis removed, were placed onto culture medium prior to 
exposure to digestive enzymes. The leaflets were incubated for 36-48 
hr in dark in a modified cell culture medium enriched with glucose, 

xylose, sodium pyruvate, citric acid, malic acid, fumaric acid, and the 

growth regulators 2,4-D and ZEA-riboside (Kao and Michayluk, 1980), 
Preincubation resulted in a significantly higher plating efficiency for all 
the plants tested. 

Because growth condition of the donor plant is crucial for successful 
release of viable protoplasts, it is not surprising that some researchers 
have used in vitro shoot cultures to generate sufficient leaf material 
for large-scale protoplast isolation. Binding (1974, 1976) used shoot 
cultures as a source of petunia and tobacco protoplasts, respectively, 
Schieder (1977) has used shoot cultures of Datura species for routine 
isolation of protoplasts that are capable of subsequent plant regenera¬ 
tion. In order to use these protoplasts in somatic hybridization, both 
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chlorophyll deficient and normal green shoots have been maintained on 
B5 medium (Gamborg et al., 1968), supplemented with 4.4 mM BA, The 
shoots of chlorophyll deficient Datura tnnoxia were grown in 500 lux, 
while wild type Datura spp. were cultured in 3000 lux. All cultures 
were maintained with 14-’hr-day length at 15-18 C. Negrutiu and Mous- 
seau (1980) established shoot cultures of Nicotiana sylvestris for proto¬ 
plast isolation. Maximum protoplast yield was obtained using shoot cul¬ 
tures maintained on MS medium with 0.01 nM NAA and .03 M sucrose. 
The optimum light intensity for protoplast release was ascertained as 
2500 lux when 1000-12,000 lux was monitored. Protoplasts released 
from shoot cultures are already axenic and hence do not have to be 
exposed to sodium hypochlorite treatment prior to protoplast release. 

As with protoplast isolation from the intact plant, protoplast release 
from cell suspension and callus cultures is also dependent on growth 
conditions of the donor cells. WaUin et al. (1977) described successful 
pretreatment of ceU suspension cultures of Haplopappus gracilis to 
increase protoplast yield. Optimum growth conditions were obtained by 
subculturing cells every 2-3 days and by shaking cells at 60 rpm at 
28 C. Three days after subculture to new media, protoplast yield de¬ 
clined. A number of medium components influenced protoplast yield. 
Increased auxin concentrations, particularly NAA, enhanced yield. The 
type and concentration of sugar was also important. If cells were sub¬ 
cultured to medium with reduced concentration of sucrose or with glu¬ 
cose substituted for sucrose one day before isolation, protoplast yield 
increased. In addition, protoplast yield was increased when cysteine, 
methionine, and 2-mercaptoethanol were added to the culture medium. 
The compounds were not synergistic in the improvement of protoplast 
yield. Wallin et al. (1977) suggest that these pretreatments change the 
chemical composition of the plant cell waU, so that less enzyme is 
needed for protoplast release, thereby reducing toxic enzyme effects. 

Fukunaga and King (1978) examined the effects of nitrogen sources on 
release of protoplasts from many crop species. They tested nitrate, 
ammonium, glutamine, and arginine as sole nitrogen sources. Cell 
growth was optimum in potassium nitrate medium, and poorest in 
ammonium sulfate medium. Protoplast release, however, was optimum 
in ammonium sulfate medium for alfalfa, flax, rice, soybean, tobacco, 
and wheat. Glutamine medium was equally good for protoplast release 
from soybean cell cultures, while arginine medium was equally good for 
rice. It was suggested that ceUs grown in nitrate were resistant to 
enzyme activity. 

Isolation of protoplasts from cultured cells has both advantages and 
disadvantages when compared to isolation from the intact plant. Cul¬ 
tured ceUs are already free of contamination. As cultured ceUs are 
already conditioned to growth in vitro, it may not be difficult to 
induce ceU division when protoplasts are cultured. As was reported 
for HaplopappuSf culture conditions can be readily manipulated to 
enhance protoplast release. On the other hand, cultured ceUs are 
frequently aneuploid (see Chapter 16), which may impair subsequent 
plant regeneration. 

In order to minimize the detrimental effect of enzymes, leaf tissue is 
often plasmolysed prior to enzyme treatment (Cocking, 1972). This 
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treatment has been shown to enhance recovery of viable protoplasts* 
Protoplasts are more stable if allowed to equilibrate in osmoticum for 1 
hr before enzyme is added, Preplasmolysis markedly decreases the 
leakage of electrolytes that would otherwise occur during protoplast 
isolation (Cocking, 1972), prevents uptake of exogenous enzymes into 
the cytoplasm during isolation, and lessens the osmotic shock (Ruesink, 
1980). 


Incubation Methods 

As the goal of protoplast release is to remove the cell wall without 
impairing cell viability, the isolation conditions are extremely important 
for success. Many factors have been identified that influence the quan¬ 
tity or quality of protoplast release, including pH, light intensity, tem¬ 
perature, time of incubation, concentration and type of osmoticum, and 
use of protecting chemicals. As discussed above, commercial enzyme 
preparations contain many hydrolysing enzymes that are capable of 
damaging the plant cells. The damagii^ effect of enzymes can be mini¬ 
mized by reducing the length of enzyme treatment. It is therefore not 
surprising that variations in the isolation conditions have influenced 
yield and viability of protoplasts. If the temperature is raised, the 
duration of enzyme treatment may be reduced. On the other hand, if 
the temperature is lowered to 10 C, the incubation time must be pro¬ 
longed (Butenko, 1979), Many procedures have used multiple tempera¬ 
tures for successful isolation. Though temperature has been identified 
as a critical variable, no consensus procedures have been adopted. For 
example, Potrykus et al, (1977) recommended that corn internode sec¬ 
tions be exposed to enzymes for 16 hr at 12 C and then for 6 hr at 
32 C for optimum release. On the other hand, for the same tissue, 
Vasil and Vasil (1980) recommended incubation for 1 hr at room temper¬ 
ature, followed by 19 hr at 14 C. 

While the effect of light on isolation of protoplasts has not been dis¬ 
cussed in detail, protoplasts are usually isolated in the dark (Gill et 
al., 1981), or in low-light intensity (Chellappan et al., 1980). The 
of the enzyme isolation solution has been varied considerably, usually 
between 5.4-6.2. It has been suggested that higher pH, 6.0-7,0, is most 
favorable to release mesophyll protoplasts of Phaseolus (Pelcher et al., 

1974) . However, a lower pH, 5.8, has been used to release mesophyll 
protoplasts of Glycine (Schwenk et al., 1981), a closely related seed 
legume. Similar variation has been reported for shaking versus station¬ 
ary enzyme treatment during isolation. In general, gentle shaking is 
used for release of protoplasts from cell suspension cultures, while 
stationary culture is usually used to isolate mesophyll protoplasts (Kao, 

1975) . Hence the environmental conditions of protoplast isolation are 
usually quite critical, but the methods used to ascertain these optimum 
conditions have been mostly empirical. 

Protoplasts are isolated by treating tissues with a mixture of wall 
degrading enzymes in solution with other chemicals. These include a 
mixture of salts, or in some cases, a complete culture medium, a 
buffer, and an osmotic stabilizer. Calcium chloride has been added at 
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elevated concentrations, e,g., 6.0 mM (Gamborg, 1977) to increase mem¬ 
brane stability of the isolated protoplasts. Magnesium chloride has also 
had a positive effect on release of stable protoplasts. When the 
enzymes are dissolved directly into the protoplast culture medium (Kao 
and Michayluk, 1980), the shock to protoplasts that could otherwise 
occur by tranier from isolation solution to culture medium is reduced. 
The enzyme isolation solution also may include a phosphate or MES [2- 
^-morpholino)ethanesulfonic acid] buffer to minimize the shift to acidic 
pH that may occur during protoplast isolation (Gamborg, 1976), Also, 
cells that are broken during protoplast isolation release hydrolytic 
enzymes that damc^e the remaining protoplasts. Compounds such as 
0,5Sg potassium dextran sulfate (Passiatore and Sink, 1981), which inter¬ 
fere with contaminating proteins present in crude enzyme preparations, 
have been added to protoplast isolation solutions to minimize protoplast 
damage. 


Purification Steps 

Following enzyme treatment, a mixture of undigested cells, compo¬ 
nents of broken or burst cells, and protoplasts is obtained. The mix¬ 
ture should be partially purified to eliminate broken and undigested 
cells. A number of techniques have been used, with varying degrees of 
success. 

The most frequently used purification technique is filtration-centrifu¬ 
gation. The protoplast mixture is passed through a filter, generally 40- 
100 Jim pore size, to retain undigested cells, cell clumps, and vascular 
tissue. The separated protoplasts and cell fragments are recovered, 
then centrifuged. The speed of centrifugation, usually 10 Oj^, should be 
sufficient to precipitate protoplasts while cell fragments continue to 
float. The fragments are decanted, and the remaining protoplasts are 
resuspended in isolation solution. The centrifugation and decantation 
step is repeated to recover a purified protoplast preparation that is re¬ 
suspended and cultured in protoplast medium. Filtration has the advan¬ 
tage, when compared to other techniques of protoplast purification, of 
using the same osmotic solution during the entire purification proce¬ 
dure. On the other hand, protoplasts are susceptible to breakage dur¬ 
ing passage through filters and therefore filters should not be used with 
delicate protoplast preparations. This method is useful for isolation of 
cell culture protoplasts and most leaf mesophyll protoplasts. 

For mesophyU protoplasts that are extremely delicate, filtration 
results in excess cell breakage. Consequently, for a number of species, 
flotation has been used to purify mesophyll protoplasts (Gamborg et al., 
1981), As protoplasts have a relatively low density when compared to 
organelles or wall containing fragments, many types of gradients have 
been used that are sufficient to float protoplasts and allow debris to 
sediment. A concentrated solution of sucrose or sorbitol may be com¬ 
bined with the enzyme-protoplast mixture and, by usirg the appropriate 
speed of centrifugation, protoplasts are recovered at the top of the 
centrifuge tube. Concentration of sucrose varies between 0,3 M 
sucrose (Shepard and Totten, 1977) to 0.6 M sucrose (Day et al., 1981). 
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For Solanum and Nicotiana spp. (Shepard and Totten, 1977, and Wilson 
et al., 1980, respectively), 350xg for 3-10 minutes is preferred. For 
tomato, reduced centrifugation speed (40-80xg) is necessary (Zapata et 
al., 1981). Sorbitol has been used in place of sucrose for Arabidopsis 
(Somerville et al., 1981) and maize (Day et al., 1981). In most cases 
flotation procedures have not been examined extensively. Generally, 
reports have included only a single concentration of sucrose at a single 
speed of centrifugation. Also, this method has been combined with a 
fUtration step prior to centrifugation for less delicate protoplasts (Day 
et al,, 1981; Passiatore and Sink, 1981) or a gel filtration step ^ter 
centrifugation (Halim and Pearce, 1980), The sucrose flotation method 
results in less protoplast breakage, but may, in some eases, damage 
protoplasts due to osmotic shock. Hie most critical variables for 
protoplast isolation using this method are the concentration of sucrose 
or sorbitol and the speed of eentrifi^ation, as both affect the stability 
of fragile protoplasts. 

Numerous other gradients have been suggested to aid in protoplast 
isolation. Two step FicoU (polysucrose) gradients with 6% on top and 
996 below, dissolved in MS medium with 7^ sorbitol, have been used to 
purify Daucus carota suspension culture protoplasts following centrifuga¬ 
tion for 5 min at 150xg (Gosch et al., 1975). Following centrifugation, 
the debris—ehloroplasts, vascular elements, and walled cells—sedimented 
to the bottom of the centrifuge tube while protoplasts were at the top, 
FicoU gradients have also been used to purify a variety of other 
protoplasts (Larkin, 1976; Watts et al,, 1974). 

A number of discontinuous gradients have been used to purify proto¬ 
plasts. In general, the protoplasts are mixed in enzyme isolation solu¬ 
tion with a high molecular weight substance. The intact protoplasts 
are recovered in a layer between two phases, Wernicke et al. (1979) 
layered a protoplast mixture onto 20% PercoU with 0.25 M mannitol and 
0,1 M calcium chloride. After centrifugation at 200xg, the protoplasts 
of Hyoscyamus muticus were recovered above the PercoU. As these 
high molecular weight substances, such as FicoU and PercoU, are osmo- 
ticaUy inert, their use may be preferable to use of sucrose flotation. 
By using these gradients, the same osmotic strength is maintained 
throughout the isolation procedure. Kcmai and Edwards (1973) used a 
dextran-polyethylene glycol two phase system to recover intact proto¬ 
plasts of many species. This method should be carefuUy examined, as 
PEG has the secondary effect of agglutinating plant protoplasts. Simi¬ 
larly, protoplasts of Lolium have been eoUected on top of Sepharose 
J539 beads (KeUer and Stone, 1978). CoUection of protoplasts at the 
phase separation can also be achieved using mixtures of sucrose and 
sorbitol. Barley protoplasts have been coUected at phase-border 
between 0.5 M sucrose and 0.14 M sucrose mixed with 0,36 M sorbitol. 


Sample Protocols 

The protocol used in our laboratory for isolation of mesophyU proto¬ 
plasts of Nicotiana spp. is summarized in Table 5. A number of factors 
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listed in the protocol may be critical for successful protoplast release. 

(1) The method of sterilization may be crucial for isolation of viable 
protoplasts. As with initiation of explants for callus formation, ex¬ 
tended sterilization treatment could reduce the viability of resultant 
cultures. Sterilization treatment should be minimized for leaf tissue to 
be used for protoplast culture. Success has been reported in the use 
of in vitro shoot cultures as donor material for leaf protoplast isola¬ 
tion. Such shoot cultures do not require sterilization (Schieder, 1977). 

(2) As epidermal cells are highly resistant to enzyme treatment, remov¬ 

al of the epidermis is desirable prior to exposure to the enzyme mix¬ 
ture. Lower leaf epidermis can be easily removed if turgor is reduced 
in leaf cells; therefore, most authors incubate donor plants in the dark 
for 12 to 24 hr before isolation of protoplasts. Alternatively, lower 
epidermis may be removed by rubbing the surface with an abrasive 
brush (Shepard and Totten, 1977). (3) In most cases, the protoplast- 

enzyme mixture is incubated in the dark or in low light intensity. 
Ifeually mesophyll protoplasts are isolated at room temperature (23-28 
C) with slow shaking (30-50 rpm) or are isolated in stationary culture 
with occasional stirring. 

Table 5. Isolation of Mesophyll Protoplasts from Nicotima Species 


1. The plant to be used for protoplast isolation is placed in the dark 
for 24 hr. Plants used prior to flowering have the most consistent 
protoplast yields. 

2. Sterilize the youngest, fuUy expanded leaves in 835 Clorox for 10 
min, then rinse three times with sterile distilled water. 

3. Allow sterilized leaves to air dry under sterile conditions, 

4. Peel lower epidermis from leaf with fine dissecting forceps (Ladd 
Instrument Corp.). Cut the peeled leaf into sections and transfer 
ca., 0.5 g leaf tissue into 2 ml of enzyme solution in a 60 x 15 
mm petri dish. 

5. Place leaf, peeled side down, into the following enzyme mixture 
(contained in a sterile 60 x 15 mm petri dish): 

CeUulase 0.5% 

Macerase 0.5% 

Driselase 0.125% 

Dissolved in KM medium 8P 
(see Chapter 7) 
pH = 5.6-5.8. 

6. Incubate peeled leaf in enzyme solution in the dark, shaking occa¬ 
sionally until protoplasts are released (4-5 hr). 

7. The digested protoplast mixture contains protoplasts, cell fragments 
(including chloroplasts), and undigested leaf material. This mixture 
can then be purified. 


The procedure routinely used in our laboratory for isolation, culture, 
and plant regeneration of protoplasts from suspension cultures of Nico- 
tiana spp. is summarized in Table 6. A number of key variables for 
the success of this protocol should be considered. (1) The isolation of 
protoplasts from suspension cultures is often more difficult than isola- 
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Table 6, Isolation and Regeneration of Protoplasts from Nicotiana spp. 
Suspension Cultures. 


1. In a sterile 60 x 15 mm petri dish, combine 2.0 ml of a rapidly 
growing suspension culture with 2.0 ml of the following enzyme 
mixture: 

Cellulase 2.0^ 

Macerase 1.0% 

Driselase 1.0% 

Dissolved in EIS^ 
pH = 5.6-5.8 

We maintain cell suspensions by subculturing every 3-4 days in MS 
medium containing 4.5 jiM 2,4-D. 

2. Incubate in the dark while shaking (30-50 rpm) for 5 hr. At this 
time, preparation wiU still contain some undigested cells. 

3. Pass the protoplast-enzyme mixture through a stainless steel mesh, 
with 67 Jim pore size, to separate protoplasts from undigested 
cells. 

4. Wash enzyme from protoplasts by centrifuging for 4 min at 40 x g 
in a sterile conical test tube. 

5. Decant and discard supernatant with sterile pasteur pipette. 
Gently resuspend the pelleted protoplasts in 4.0 ml of Kao and 
Michayluk (1975) 8p medium and repeat centrifugation and decan¬ 
tation steps. 

6. Resuspend washed protoplasts in Medium 8p (2.0 ml added to 0.5 
ml protoplast pellet). 

7. Place resuspended protoplasts in small droplets in a 60 x 15 mm 
sterile petri dish. Seal plates with a double layer of Parafilm to 
avoid contamination and dehydration of protoplasts. Store 
protoplasts under diffuse light in plastic boxes. 

8. First divisions of protoplasts should occur within 2-5 days. 

9. Add fresh Medium 8p to droplets every 1-2 weeks until rapidly 
proliferating callus is visible. 

10. Shoot regeneration from callus is accomplished by adding MS 
medium containing 5.0 fiM 6BA to the liquid protoplast-derived 
suspension at 2 week intervals. Shoots should regenerate within 
6 weeks. 

11. Regenerated shoots are rooted by transferring to half strength MS 
agar medium containing 0.11 |im 3-aminopyridine. 

12. When an extensive root system has formed, the regenerated shoots 
are transferred to peat pellets under high humidity for further 
growth. 

13. Gradually decrease the humidity and increase the light intensity 
before transferring regenerated plants to greenhouse conditions. 


^Enzyme isolation solution (EIS) contains 0,7 M glucose, 3,0 mM MES, 
6.0 mM CaCl2'2H20, and 0.7 mM NaH 2 P 04 'H 20 . 

by using only very rapidly growing cultures in the log phase of growth. 
Older cultures contain a higher percentage of senescing cells with 
thick cell walls that take much longer to digest than cell waUs of 
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rapidly growing young cells. (2) The filtration-centrifugation system for 
protoplast purification can be efficiently applied to cell suspension 
culture derived protoplasts. Cell suspensions usually contain large 
aggregates. When single protoplasts are isolated, they become physic¬ 
ally separated from the aggregates, while the undigested cells remain 
in aggregates which do not pass through the filter. As mentioned 
above, repeated centrifugations are necessary to eliminate any remain¬ 
ing enzyme from the protoplast preparation. (3) Cultured protoplasts 
rapidly deplete the glucose in the culture medium and hence, glucose 
concentration may be critical. This depletion, however, is directly 
proportional to the reduced requirements for high osmotic solutions 
when the cell wall is resynthesized. (4) Throughout the callus and 
subsequent shoot regeneration procedure, it is important that high 
humidity is maintained and that light intensity is slowly increased. 


CDLTIEE PROCEDURES 
Medium Composition 

Detailed descriptions of the components of protoplast culture media 
have been published (Gamborg, 1977; Eriksson, 1977). As nutritional 
requirements of cultured plant cells and protoplasts are very similar, it 
is not surprising that protoplast media are usually modifications of fre¬ 
quently used cell culture media. The cell culture media most commonly 
used as a basis for protoplast media are B5 medium (cf., Kao and Mich- 
ayluk, 1975) and MS medium (cf., Nagata and Takebe, 1971). 
Alterations in these and other cell culture media have been suggested 
for optimum growth of protoplasts. 

It has been proposed that concentrations of iron, zinc, and ammonium 
in the standard cell culture medium may be too high for some proto¬ 
plasts (von Arnold and Eriksson, 1977). Ammonium, in particular, has 
been found detrimental to protoplast survival, and media have been 
devised for many species such as potato (Upadhya, 1975), tomato 
(Zapata et al., 1981), and tobacco (Caboche, 1980) that are devoid of 
ammonium. Calcium concentration, on the other hand, should be in¬ 
creased 2-4 times over the concentrations normally used for cell cul¬ 
tures (Eriksson, 1977). Increased calcium concentration may be impor¬ 
tant for membrane stability. 

While glucose may be the preferred carbon source for most proto¬ 
plasts (Gamborg, 1977), other carbon sources, including sucrose, may be 
preferred or necessary for some species such as brome grass (Michayluk 
and Kao, 1975). Uchimiya and Murashige (1976) have shown that tobac¬ 
co protoplasts grow equally well on sucrose, cellobiose, or glucose. 
Most protoplast media contain a mixture of carbon sources. For 
tomato, sucrose and glucose are mixed in a 2:1 ratio (Zapata et aL, 
1981). In many systems, addition of a secondary carbohydrate may be 
beneficial. Kao and Michayluk (1975) found addition of ribose to be 
beneficial. In some cases the preferred carbon source is also the pre¬ 
ferred osmoticum (Kao and Michayluk, 1974, for glucose). On the other 
hand, in some cases a nonmetabolizible osmoticum may be necessary. 
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For example, for pea mesophyll protoplasts, only mannitol and sorbitol 
could be used as osmoticum (von Arnold and Eriksson, 1977). 

Numerous organic nutrients have been added to protoplast culture 
media. In most cases, vitamin requirements are the same for plant 
cells and protoplasts. Von Arnold and Eriksson (1977) suggested addi¬ 
tion of folic acid to stimulate division in cultures of pea mesophyll 
protoplasts. Kao and Michayluk (1974) have suggested addition of 
several vitamins, organic acids, sugars, sugar alcohols, and undefined 
nutrients such as casamino aci^ and CW for culture of protoplasts in 
very low densities. In most eases, though, many of these factors are 
unnecessary for culture of protoplasts. For example, while CH or cas¬ 
amino acids have been added to many different protoplast cultures (cf., 
Constabel, 1975), Uchimiya and Murashige (1976) eliminated CH from 
their final culture medium, as no benefit could be attributed from its 
use. 

Types and concentrations of growth regulators are the media compo¬ 
nents that have been varied most frequently. This is not surprising as 
subtle changes in growth regulators have been shown to have dramatic 
effects on cultured cells. 2,4-D is the growth regulator most commonly 
used in protoplast media; however, in some species, other regulators 
are preferred. For tobacco protoplasts, Uchimiya and Murashige (1976) 
observed a higher rate of ceU reproduction in cultures with NAA than 
in cultures with 2,4-D or lAA. iUso, in tobacco, cytokinin is apparent¬ 
ly unnecessary to induce cell division in cultured protoplasts. Von 
Arnold and Eriksson (1977) reported the requirement for both an auxin 
(2,4-D) and a cytokinin (2iP) to induce cell division in pea mesophyll 
protoplasts. 


Density of Culture 

Published procedures suggest that protoplasts should be cultured at a 
density of 5000 to 100,000 cells/ml. However, additional interest has 
been generated in the culture of single isolated protoplasts. Culture of 
isolated protoplasts would be particularly useful for gene modification 
experiments such as protoplast fusion or selection of single-cell clones 
following mutagenesis. Kao and Michayluk (1975) completed the most 
extensive studies on nutritional requirements of cultured cells and 
protoplasts at different densities using Vida hajastana (vetch). Vetch 
cells were cultured at nine different densities between 2 and 5600 
cells/ml. A relatively simple B5 medium could support growth for >250 
cells/ml, but additional components were needed to achieve growth at 
lower densities. Only cell medium 8, which contained B5 with 2,4-D, 
ZEA, NAA, and a number of organic acids, supplemental sugars and un¬ 
defined growth additives could support growth at <10 cells/ml. Simi¬ 
larly, for protoplasts cultured in droplet culture, only medium 8p could 
support growth below 10 protoplasts per ml, 

Kao (1977) modified this technique to culture isolated heterokaryo- 
cytes foUowir^ protoplast fusion, Gleba (1978) has used microisolation 
to culture individual haploid protoplasts of N. tahacam. Protoplasts 
were placed in extremely small droplets, <2 nl, so that the effective 
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protoplast concentration remained high. Gleba (1978) found that cul¬ 
ture of protoplasts at high density for up to 3 days before microisola¬ 
tion resulted in a higher plating efficiency. 

Raveh and Galun (1975) used irradiated feeder cells as an aid to cul¬ 
ture protoplasts of tobacco at low density. Using a feeder layer, they 
were able to successfully culture 5-50 protoplasts per ml. This method 
therefore permits an evaluation of protoplast-derived clones. 


Culture Techniques 

Several methods have been described for the culture of protoplasts. 
These include droplet culture, agar culture, coculturing, feeder layers, 
and hanging droplets. 

The liquid droplet method was developed by Kao et al. (1971) and 
involves suspending protoplasts in culture media and pipetting 0.1-0.2 
ml droplets into 60 x 15 mm plastic petri dishes. Five to seven drops 
can be cultured per plate. The plates are then sealed with parafilm 
for incubation (Constabel, 1975). This method is convenient for subse¬ 
quent microscopic examination of protoplast development using an 
inverted microscope. Fresh media is easily added directly to the 
developing suspension at 5-7 day intervals. In many cases, however, 
the cultured protoplasts clump together at the center of the droplet. 

In agar culture, protoplasts are either allowed to regenerate cell 
walls in liquid culture before they are mixed with 0.6% agar (Coutts 
and Wood, 1977) or are placed in an agar culture media as soon as 
they are isolated (Celia and Galun, 1980). One method successfully 
applied to tobacco protoplasts is to mix protoplasts with an equal 
volume of medium prepared in agar maintained at 45 C (Nagata and 
Takebe, 1971). Srasdl aliquots of the protoplast-agar mixture are then 
poured into plates. Using this method, protoplasts remain in a fixed 
position so that protoplast clumping is avoided and separate clones can 
be monitored. 

The agar culture technique has been coupled with the concept of 
feeder protoplasts to increase the plating efficiency of some recalci¬ 
trant protoplasts, Raveh et al. (1973) isolated N. tabacum protoplasts, 
which were X-irradiated to block cell division, and then mixed the 
irradiated protoplasts with a low density of normal, viable N. tabacum 
protoplasts. The mixture of viable and inviable protoplasts was then 
poured with 0.6% agar into petri dishes. Alternatively, a feeder layer 
could be used. Feeder cells, X-irradiated and incapable of division, are 
mixed with 0,6% agar, and then plated. Viable protoplasts are then 
mixed with 0.6% agar and plated in a layer on top of the X-irradiated 
feeder cells (Celia and Galun, 1980). 

Another protoplast culture technique that has been reported to 
improve the plating efficiency of some protoplast species is coculturing. 
A reliable, fast growing protoplast preparation, e.g,, N. tabacum suspen¬ 
sion culture, is mixed in varying ratios with protoplasts of a more 
recalcitrant species. The fast growing protoplasts presumably provide 
the other species with growth factors and undefined diffusable chemi¬ 
cals which aid in regeneration of a cell wall and cell division (Evans, 



Protoplast Isolation and Culture 


143 


1979). Similarly, Menczel et al. (1978) isolated individual protoplast- 
derived cells using a micropipette and transferred these to nurse cul¬ 
tures of albino cells. Colonies derived from the single-transferred 
protoplast could be visually distinguished from albino colonies by their 
green color. Menczel et al, (1978) have used this method to recover 
separate hybrid clones derived following protoplast fusion. 

The hanging droplet method (Potrykus et al., 1976) allows culture of 
fewer protoplasts per droplet than the conventional droplet technique. 
This facilitates andysis of small groups of protoplasts and is accomp¬ 
lished by culturing protoplasts in inverted liquid droplets of 0,25-0,50 
pL A more appropriate method for culturing single protoplasts is the 
microisolation method used by Kao (1977) and Gleba (1978). In this 
method, single protoplasts are mechanically isolated and placed into 
separate culture wells. These individual protoplasts can then be moni¬ 
tored for extended periods of time. 


Protoplast >Tability Tests 

The most frequently used staining methods for assessing protoplast 
viability are fluoroscein diacetate (FDA), phenosafranine (Widholm, 

1972) and Calcofluor White (Nagata and Takebe, 1970; Galbraith, 1981), 
As FDA accumulates in the cell membrane, viable, intact protoplasts 
fluoresce yellow-green within 5 min. FDA dissolved in 5.0 mg/ml 
acetone is added to the protoplast culture at 0,01% final concentration. 
The chlorophyll from broken protoplasts fluoresces red. Therefore, the 
percentage of viable protoplasts in a preparation can be easily calcu¬ 
lated, Protoplasts treated with FDA must, however, be examined be¬ 
tween 5-15 min after staining as FDA becomes disassociated from the 
membrane after 15 min, 

Phenosafranine, also used at a final concentration of 0.01%, is speci¬ 
fic for dead protoplasts. As soon as the stain is mixed with a proto¬ 
plast preparation, the inviable protoplasts stain red. Viable cells 
remain unstained by phenosafranine, even after being in contact with 
the stain for 30 min. 

Calcofluor White (CFW), perhaps the most commonly used stain to 
ascertain protoplast viability, can detect the onset of cell wall 
regeneration. CFW binds to the p-Unked glucosides in the newly 
synthesized cell wall. Optimum staining is achieved when 0.1 ml of 
protoplasts is mixed with 5,0 jd of a 0.1% v/v solution of CFW. Cell 
wall synthesis is observed by a ring of fluorescence around the plasma 
membrane. Cell division plates can also be stained using CFW. 

Other methods which have been used to determine protoplast viabili¬ 
ty include observations of cyclosis (Pelcher et al., 1974), exclusion of 
Evans blue dye (Kanai and Edwards, 1973), variation of protoplast size 
with osmotic changes (Kanai and Edwards, 1973), oxygen uptake studies 
(Taiz and Jones, 1971), and photosynthetic activity (Kanai and Edwards, 

1973) . 

Protoplast viability tests are important tools, especially when proto¬ 
plast preparations are intended for biochemical studies. However, the 
true test of protoplast viability is the ability for protoplasts to undergo 
continued mitoses, regenerate callus, and ultimately regenerate plants. 
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Results: Wall Formation, Cell Division, and Callus Formation 

It has traditionally been accepted that cell wall regeneration is a 
prerequisite for nuclear and cell division (Schilde-Rentschler, 1977), 
However, in at least one instance, nuclear division has been observed 
without cell wall regeneration (Meyer and Herth, 1978). The process of 
cell wall regeneration has been followed through studies of cultured 
tobacco protoplasts using electron microscopy (Nagata and Yamaki, 
1973; Burgess and Fleming, 1974; Fowke and Gamborg, 1980). These 
studies suggest that newly isolated protoplast cell membranes contain 
protruding microtubules that function in the orientation of newly syn¬ 
thesized cellulose microfibrils. These cellulose microfibrils, which are 
synthesized after a lag period of 2 days in tobacco, are transported 
across the cell membrane where, initially, many fibrils are lost in the 
surrounding medium, Asamizu et al. (1977) reported that the cellulose 
fibrils that are synthesized first are shorter than those synthesized 
later. Some of these newly synthesized fibrils, however, become ori¬ 
ented around the microtubules. This random cellulose matrix eventually 
becomes thicker and the fibrils become oriented parallel to the plasma- 
lemma, resulting in a continuous cell wall. 

The rate and regularity of cell wall regeneration depend on the plant 
species and the state of differentiation of the donor cell used for 
protoplast isolation. Protoplasts from leaf mesophyll cells of Nicotiana, 
Petunia, Datura, and Brassica all form new cell waUs very quickly. 
Within 24 hr spherical protoplasts become oval as viewed in the light 
microscope, and the cell wail can be detected using CFW stain (see 
above). On the other hand, leaf protoplasts of cereals and legumes 
may require about 4 days for cell wall regeneration. There have been 
isolated reports where mesophyll protoplasts were unable to form a cell 
waU (Giles, 1972). 

Incomplete cell wall resynthesis, termed protoplast budding, has been 
observed in a number of species. It has been proposed that budding 
occurs when pectin is not incorporated into the new cell wall (Hanke 
and Northcote, 1974) and is the result of weakened areas in the newly 
synthesized ceU wall (Fowke and Gamborg, 1980). 

In addition to genetic factors controlling cell wall synthesis, composi¬ 
tion of the culture medium is also important for regeneration of the 
cell wall. For example, concentrations of sucrose in excess of 0,3 M 
and of sorbitol in excess of 0,5 M inhibit cell wall formation (Shepard 
and Totten, 1977). In recalcitrant species, such as oat, a number of 
chemicals have been added that are important for wall resynthesis and 
cell division (Kaur-Sawhney and Galston, in press). There is evidence 
that, in some species, certain growth regulators are required for resyn¬ 
thesis of a cell wall (IJchimiya and Murashige, 1976), However, conven¬ 
tional growth regulators such as 2,4-D and ZEA are apparently more 
important in regulation of cell division than wall regeneration (Takeuchi 
and Komamine, 1978). 

As first division may be dependent on wall formation, division has 
been observed in fewer species than wall formation. Many factors are 
important in initiation of cell division including genotype of the donor 
plant, culture medium, environmental culture conditions, and condition 
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of the donor tissue used for protoplast isolation. For example, proto¬ 
plasts isolated from cell cultures containing rapidly growing cells often 
undergo first cell divisions sooner than leaf mesophyll protoplasts (Vasil, 
1976). Many other factors affecting the condition of donor tissue influ¬ 
ence the ability of cultured protoplasts to undergo cell division, includ¬ 
ing dark pretreatment, age of plant, fertilization of plants, and applica¬ 
tion of pesticides to donor plants. 

In most cases plating efficiency of cultured protoplasts is quite low. 
For some species capable of plant regeneration from protoplasts, initial 
plating efficiencies of <1% have been reported (Banks and Evans, 1976), 
However, this may indicate that researchers have not attempted to 
optimize plating efficiencies, as reports of 19s to 909i have appeared in 
the literature. While Banks and Evans (1976) reported 195 plating effici¬ 
ency for Nicotiana sylvestris leaf mesophyll protoplasts, Nagy and 
Maliga (1976), using modified procedures, reported 60-9095 platii^ 
efficiency for this same species. 

As the resynthesized cell wall is reportedly different than the cell 
wall of intact plants, incomplete cytokinesis has been frequently ob¬ 
served during first division resulting in spontaneous fusion and produc¬ 
tion of multinucleate protoplasts (Brar et al., 1979). In most cases, 
these multinucleate protoplasts will not undergo continued growth. 
However, polyploid plants have frequently been observed among plants 
regenerated from protoplasts, and it is likely that some multinucleate 
protoplasts resulting from nuclear fusion are capable of continued 
growth and differentiation. 

In some cases a lag phase is observed before the first division, A 
lag phase of up to 25 days was reported for cotton protoplasts (Bhoj- 
wani et al., 1977). However, in most eases first cell division usually 
occurs 2-7 days after healthy protoplasts are cultured. Subsequent 
divisions occur more rapidly resulting in multicellular clumps. Fresh 
culture medium should be added every 1-2 weeks when protoplasts are 
growing rapidly. Visible callus formation usually occurs in the initial 
medium used to culture the protoplasts in 2-3 weeks. When the cells 
begin to grow rapidly, the osmoticum can be slowly reduced when new 
culture medium is added. After callus is formed, shoot regeneration 
medium can be substituted for protoplast medium. Usually, callus is 
transferred from liquid droplet culture to solid agar culture for shoot 
regeneration and subsequent plantlet regeneration. 


PLANT REGENERATION 

Plant regeneration from protoplasts has often been viewed as a phe¬ 
nomenon restricted to the Solanaceae, Indeed, 38 solanaceous species 
have been regenerated from cultured protoplasts (Table 7). These 
include 17 Nicotiana species, 6 Petunia species, and 6 Solarium species. 
While most of these species have no economic value, some economically 
important crops (tobacco, potato, eggplant, and pepper) and ornamentals 
(Petunia, Salpiglossis, B'owallia, and Nicotiana) have been regenerated 
from protoplasts. Ihfortunately, even amoi^ the Solanaceae, where 
most effort on protoplast regeneration has been directed, only one cul- 
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tivar of an important crop, tomato, has been regenerated from proto¬ 
plasts. 

Protoplasts isolated from callus, cell suspension, leaf shoot tip, and 
flower petal have aU been regenerated. Most of the methods for 
Effotoplast regeneration vary between species and donor tissue (Table 
7). Hence it is difficult to malce generalizations for this group of plant 
species. Most authors use either a MS-based (including NT medium) or 
B5-based (including Kao and Michayluk 8p medium) culture medium to 
initiate growth of protoplasts (Table 7). Although hormone concentra¬ 
tions are varied between varieties and species, an auxin and a cytokin- 
in are almost always used in the initial culture medium. In nearly 
every case the auxin concentration is higher than the cytokinin con¬ 
centration in the initial culture medium. This auxin requirement is in 
striking contrast to the composition of the regeneration medium where 
at least 18 species have been regenerated in the absence of auxin, 
using only a cytokinin (e.g., ZEA, 6BA, or 2iP). 

Protoplasts of many of the solanaceous species are cultured in the 
dark for a short time prior to transfer to the light. In most cases 
protoplasts are cultured in diffuse light, 400-1500 lux. While most 
protoplasts are cultured at room temperature, elevated temperatures 
(28-29 C) have been recommended for some species (e.g., Goseh et al., 
1975; Muhlbach, 1980). 

In recent years, the list of nonsolanaceous species capable of plant 
regeneration from protoplasts has been steadily expanding (Table 8). 
This list includes 28 species of both monocots and dicots. Among these 
28 species are a number of economically important crops including car¬ 
rot, endive, cassava, alfalfa, millet, clover, rapeseed, asparagus, cab¬ 
bage, and citrus. Plant regeneration from protoplasts is still somewhat 
limited to certain plant families. For example, this list includes many 
cruciferous and umbelliferous species. However, it is encouraging that 
recently regeneration was successfully reported among legumes (Medi- 
cago) and cereals (Pennisetum and Panicum), two families traditionally 
considered to be impossible to regenerate. 

For most reports of plant regeneration, detailed experiments compar¬ 
ing media composition and environmental conditions were not com¬ 
pleted. Hence it is impossible to identify generalized procedures for 
plant regeneration among these plants. Quite a few authors have 
developed their own culture medium after having limited success with 
traditional media. This si^ests that composition of culture media may 
be more critical for cultured protoplasts than for cultured explants. In 
most cases room temperature has been used during protoplast culture, 
suggesting that temperature is not critical. However, optimum light 
intensity varies dramatically, from complete darkness to 80,000 lux, 
between different plant species. The plant regeneration medium used 
also varies between species, and is usually based on conditions neces¬ 
sary to regenerate plants from callus of the particular species in use. 
For example, carrot callus undergoes embryogenesis in hormoneless B5 
or MS medium, while Panicum cell suspension cultures regenerate with 
1-2 |jM 2,4-D in MS medium. Hence the strategy for plant regeneration 
has been to recover rapidly growing callus from protoplasts and to 
transfer callus to a species specific regeneration medium. 
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FUniRE PROSPECTS 

As solanaeeous species were first regenerated from protoplasts, it is 
not surprisii^ that this plant family has been used extensively in cellu¬ 
lar genetic studies. Tobacco, tomato. Datura, Petunia, and potato have 
all been used for somatic hybridization (see Chapter 7), mutant isola¬ 
tion (see Chapter 10), and for gene transfer experiments (see Chapter 
14). As the list of species capable of regeneration now includes many 
nonsolanaeeous crops (Table 8), it is anticipated that cellular genetic 
experiments will be extended during the next few years to other eco¬ 
nomically important crops. Recent successes with alfalfa (Kao and 
Miehayluk, 1980) and millet (Vasil and Vasil, 1980) are encouraging. 
Despite these successes, the legumes and cereals remain difficult to 
culture. Many researchers have directed effort to culturing protoplasts 
of these families with very limited success (cf., Kaur-Sawhney and 
Galston, in press). Promising results have been made consisting of 
sustained cell divisions or root organogenesis from protoplasts of 
cereals such as corn, wheat, and rice; and legumes such as soybean, 
bean, vetch, and cowpea (Table 9). Crops in other important plant 
families have also produced callus or roots from cultured protoplasts 
(Table 9) suggesting that protoplast regeneration might soon be 
extended to an even wider range of crop plants. 
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CHAPTER 5 

Meristem, Shoot Tip, 
and Bud Cultures 

C. y. Hu and RJ. Wang 


This chapter describes in vitro techniques for culturing stem meri- 
stems, shoot tips, and apical buds. The explant of meristem culture 
may either be the apical dome (the apical meristem) or, more frequent¬ 
ly, the apical dome plus a few subjacent leaf primodia (the subapical 
meristematic region). The shoot tip explant is usually taken from the 
tender tip of the growing shoot measuring 2 cm or l^s in length. Bud 
cultures are initiated from either terminal or axillary buds, usually with 
the stem segment attached, using either a growing or dormant shoot. 


APPUCAHONS (Review of Literature) 

Micropropagation 

Following the successful rapid multiplication of orchids by shoot 
meristem culture (Morel, 1965) there has been an increasing interest in 
recent years in the application of tissue culture techniques as an alter¬ 
native means of asexual propagation of economically important plants. 
The size of the propagule in culture is so minute, that the in vitro 
asexual propagation technique has been referred to as "micropropaga- 
tion". Shoot tip and bud cultures are preferred over meristem culture 
in micropropagation when viral elimination is not part of the objective. 
Ifee of larger explants is desirable as they are easier to dissect and 
have much higher survival and growth rates than smaller explants. 
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ADVANTAGES. In vitro mieropropagation techniques are now often 
preferred to conventional practices of asexual propagation in several 
greenhouse species because of the following potential advantages: (1) 
Only a small amount of plant tissue is needed as the initial explant for 
regeneration of millions of clonal plants in one year. In eomparision, 
it would take years to propagate an equal number of plants by conven¬ 
tional methods. (2) Many plant species are highly resistant to conven¬ 
tional bulk propagation practices. In vitro mieropropagation provides a 
possible alternative method for these species. (3) The in vitro tech¬ 
nique provides a method for speedy international exehar^e of plant 
materials. If handled properly, the sterile status of the culture elimi¬ 
nates the danger of disease introduction. Thus, the period of quaran¬ 
tine is reduced or unnecessary. (4) The in vitro stocks can be quickly 
proliferated at any time of the year (Boxus et al., 1977; Huang and 
Millikan, 1980) after shipping or storage, while propagation with con¬ 
ventional practices is highly season-dependent. 

There are three possible routes available for in vitro propagule 
multiplication: (a) enhanced release of axillary buds; (b) production of 
adventitious shoots through organogenesis; and (c) somatic embryogene- 
sis. Each method of propagation has its merits and shortcomings. We 
will discuss the advantages of the first method. 

The merit of using axillary bud proliferation from meristem, shoot tip, 
or bud cultures as a means of regeneration is that the incipient shoot 
has already been differentiated in vivo. Thus, to establish a complete 
plant, only elongation and root differentiation are required. In vitro 
organogenesis and embryogenesis, on the other hand, must undergo 
developmental changes which usually involve the formation of callus 
with subsequent reorganization into plantlets. This has not been easy 
to achieve in most plants. The induction of axillary bud proliferation 
seems to be applicable in many cases; e.g., carnation (Roest and Bokel- 
mann, 1981) and soybean (Evans, 1981; Kartha et al., 1981b), where 
methods of organogenesis and embryogenesis fail. 

If an intermediary callus has been involved, as in the ease in most 
regeneration via organogenesis and embryogenesis, the frequency of 
genetic changes is increased; especially in the form of polyploidization 
and aneuploidization resulting from mitotic abnormalities (Bayliss, 1973; 
Mahlderg et al., 1975), as has been observed in many plant species 
(Edallo et al., 1981; Novak, 1981; Lester and Berbee, 1977). Plants 
derived from meristem, shoot tip, and bud cultures are genersJly pheno- 
typically homogenous, thereby indicating genetic stabQity. For 
example, MeCown and Amos (1979), who had employed shoot tip culture 
for birch mieropropagation, observed only one visually abnormal shoot 
even after hundreds of thousands of shoots were r^enerated. TTie vast 
majority of all of the plantlets regenerated from meristem cultures have 
been found to remain in the diploid state (Aneora et al., 1981; Hase- 
gawa et al., 1973; Murashige et al., 1974). 

Although the rate of plantlet miiltiplication by means of organogene¬ 
sis and embryogenesis is astonishii^, their regeneration capacity usually 
diminishes rapidly after a number of subcultures, and eventually this 
morphogenic potential is completely lost (Kehr and Schaeffer, 1976; Tie 
and Liaw, 1977). The initial multiplication rate for axillary bud proli- 
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feration, on the other hand, is rather slow. The rate, nevertheless, 
increases during the first few subcultures and eventually reaches a 
steady plateau during subsequent subculture cycles (see "Proliferation 
Rate" subsection). Through such a geometrical progression, the produc¬ 
tion of millions of plants from a sii^le explant in a single year can be 
conservatively estimated. This multiplication rate is quite feasible for 
commercial production of many species. Moreover, once a stock mul¬ 
tiple-shoot culture is established, it can continuously serve as the 
souree-propagule, instead of having to restart from fresh explant cul¬ 
tures periodically. 


BRIEF HISTORY. Georges Morel was the pioneer in applying shoot 
tip culture as a clonal multiplication tool. After his success in clonir® 
the orchid, Cymbidium, in vitro clonal multiplication gained momentum 
in the 1970s. Among numerous contributors in the field, Murashige 
should be credited as the dominant figure in the establishment of 
micropropagation techniques. He developed the concept of developmen¬ 
tal stages (Murashige, 1974): Stage I: explant establishment; Stage II: 
multiplication of the propagule; and Stage III: rooting and hardening for 
planting into soil. This concept stimulates the awareness that a single 
medium usually is not sufficient for in vitro plant multiplication and 
regeneration. Tt’ansferrir® the propagules through a series of specially 
designed chemical and physical environments at each development^ 
st£®e holds the key to success. 

The greatest success using this technique has been achieved in herb¬ 
aceous horticultural species. This success is partially due to the weak 
apical dominance and strong root regenerating capacities of many herb¬ 
aceous plants, and partially due to the financial support from the 
greenhouse and nursery industries. Many of those crops are currently 
propagated commercially using in vitro procedures. Examples of suc¬ 
cessful herbaceous ornamental species propagated throi^h in vitro axil¬ 
lary bud proliferation include Anigozmthos, Anthurium, Cephalotus, 
Chrysanthemum, Dianthus, Fuchsia, Gerbera, Gladiolus, Gloxinia, Gypso- 
phila, Hosta, Phlox, and Saxifragra’, the herbaceous vegetables include 
Mlium, Arachis, Asparagus, Beta, Brassica, Cicer, Cynara, Phaseolus, 
Rheum, and Fragaria; and the a^onomie and other herbaceous genera 
Capsella, Glycine, Lolium, Stellaria, Stevia, Yigna, and Zea (see Table 1 
for references). 

Compared to herbaceous plants, the micropropagation of woody spe¬ 
cies has lE^ged far behind. The greatest difficulty is experienced at 
Stage III, the root induction, especially when explants are taken from 
mature trees. Difficulty during Stage I, when the primary culture is 
established, is also frequently encountered. This is partially due to the 
existence of large quantities of polyphenolie compounds in the tissue of 
many woody species (see "Polyphenol" subsection) and partially due to 
the difficulty of breaking the physiological quiescent state of the axil¬ 
lary buds. Compared to Stages I and III, the induction of multiple 
shoots. Stage 11 is not as difficult. 

A breakthrough was made by Jones in 1976 in the rooting of in vitro 
apple shoots when he supplemented the culture medixun with phloroglu- 
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Basic Techniques of Plant Cell Culture 


cinol, a phenolic compound (Jones and Hatfield, 1976). This discovery 
stimulated the current wave of micropropagation of woody fruit species. 
Successful examples of micropropagation in woody and semi-woody fruits 
through in vitro axillary bud proliferation include species in the genera 
of Modus, Prums, Pyrus, Ribes, Rubus, and Sontolum; and woody orna¬ 
mentals and special crops including Atriplex, Betida, Coffea, GrevUlea, 
Kalmia, Rosa, Salix, and Spirea (Thble 1). 

Most forest species do not readily root from cuttings. The standard 
method for their propagation is seeding. However, there are numerous 
problems associated with seed propagation: (a) It is extremely difficult 
to obtain large quantities of seeds from many economically important 
species for rrforestation (Hu, 1979). (b) While heterosis is one of the 

hybrid qualities that should be taken advantage of during material 
selection for reforestation, the difficulty in mass cross-poUination of 
forest species makes the cost of hybrid seed production too high to be 
practiced, (c) Thee species have long generation times which prohibit 
carrying out the type of breeding programs used in annual crop plants. 
Many selection programs are, therefore, carried out to search for geno¬ 
types with desirable traits among natural stands or first generation 
hybrids. Once final selections are made, they would have to be main¬ 
tained as clones, but there is no effective conventional cloning method 
available for propagating forest species. 

In vitro micropropagation through axillary bud proliferation may pro¬ 
vide a practical solution to cloning of forest trees. In solving problems 
(a) and (b), a handful of seed will produce enough seedlings to serve as 
the explant sources. Whitehead and Giles (1977) estimated that more 
than 10® rooted plantlets can be produced per year from the culture of 
a sii^le bud of Populus nigra, P. yannanensis and a Populus hybrid. 
Multiplication at such a rate is certainly feasible for plantlet produc¬ 
tion for reforestation. The solution of problem (c) is somewhat difficult 
since mature mother plants are involved. It is rather difficult to 
accomplish Stage III of micropropagation, namely rooting, when explants 
are not obtained at the juvenile stage. However, successful microprop- 
agation with shoot tip or bud cultures have been accomplished with 
explants from mature plants of several Eucalyptus species (Cresswell 
and Nitsch, 1975; Gupta et al., 1981) and a 100-year-old teak tree 
(Gupta et il., 1980). 

The potential usefulness of micropropagation methods for forest trees 
has long been recognized and discussed (Thorpe and Bianti, in press). 
However, it is only during the past decade that rigorous attempts have 
been made to commercially propagate important timber species. Very 
limited progress has been made in this area. The successful examples 
of axillary bud proliferation include species in the following genera: 
Araucaria, Cryptomeria, Eucalyptus, Po^us, Tectana, Thuja, and Sassa¬ 
fras (Table 1). 


Disease Elimination 

When vegetatively propagated plants are systematically infected with 
a viral disease, the pathogen passes from one vegetative generation to 
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the next. The entire population of a given clonal variety may, over 
years, be infected with the same pathogen. Especially with latent 
viruses, the symptoms are hardly detectable but the yield and/or qual¬ 
ity of the crop may gradually decrease over generations. It is likely 
that all clonal crops cultivated today are harboring one or more viral 
diseases. In order to ensure the highest possible yield and quality, 
virus-free stock plants should be provided to growers. The use of 
certified seed potatoes is an impressive example. 

It has been demonstrated that the shoot and root apices of virus- 
infected plants are frequently devoid of viral particles or contain very 
low viral concentrations (Kassanis, 1957; White, 1934). Morel was the 
first to demonstrate that virus-free plants can be recovered from in¬ 
fected plants through shoot meristem cultures (Morel and Martin, 1952), 
To date, chemotherapeutic agents or physical treatments have met with 
limited success In the eradication of viruses from infected plants. In 
vitro culture has become the only effective technique to obtain virus- 
free plants from Infected stock. In vitro methods can also be used to 
produce pathogen-free plants from stocks systematically infected with 
pathogens such as mycoplasma (Fedotina and Krylova, 1976; Jaeoli, 
1978; tJlrychova and Petru, 1975), fungi (Bader and Phillips, 1962; 
Csinos, and Hendrix, 1977), and bacteria (Knauss, 1976; Theiler, 1977). 
The value of this method to the horticultural industry, therefore, is 
immeasurable. 

A list of 49 species with virus-free plants regenerated in vitro was 
compiled by Wang and Hu (1980). The following additional species 
should be added to the list; The African cassava mosaic and cassava 
brown streak diseases were eliminated from the East African cassava 
(Manihot utilissima) cultivars (Kaiser and Teemba, 1979); rygrass mosaic 
from Lolium vnudtiflorum (Dale, 1977a); cocksfoot streak virus, mild 
mosaic virus, and mottle virus from Dactylis glomerate (Dale, 1979); 
and various viral diseases from Citrus spp. (Navarro et aL, 1975), Pisum 
sativum (Kartha and Gamborg, 1978), and Trifolium repens (Barnett et 
al., 1975). The elimination of viral diseases from Citrus spp. by Navar¬ 
ro presents an interesting variation from standard meristem culture 
method called in vitro micrografting. In this technique a meristem tip 
from viral infected scion cultivar is excised and placed on a decapi¬ 
tated, in vitro produced shoot of a rootstock, lihe entire process- 
grafting, healing of the union, growth of the scion, and rooting of the 
rootstock—is carried out in aseptic cultures. In vitro micrografting has 
also been applied successfully in regenerating virus-free apple plants 
(Huang and Millikan, 1980). 

Although viral diseases are usually transmitted from generation to 
generation through asexual propagated organs, about 10* of the known 
plant viruses are also transmitted through seeds of infected host plants. 
In some cases, viruses are confined to the seed coat, such as IMV on 
tomato seeds (a’oadbent, 1965). Others, such as seeds of leguminous 
crops, carry viruses internally. Meristem culture has further applica¬ 
tion in elimination of seedborne viruses. Pea seedborne mosaic, for 
example, was successfully eliminated in this way from over 100 
breeding lines (Kartha and Gamborg, 1978; Kartha et al., 1979). 
Successful elimination of seedborne viruses would assist in the 
international exchange of genetic material. 
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Germplasm Preservation 

Preservation of germplasm is a means to assure the availability of 
genetic materials as the needs arise. Since most seeds and vegetative 
organs have a limited storage life, research in germplasm preservation 
has concentrated on the development of procedures to extend usable 
life spans. For many crops, seed is the most appropriate storage form 
due to its low moisture content which enables the cells to survive low 
temperatures. However, shoot tips are preferred in low temperature 
storage of clonal lines. Since meristem cells are highly cytoplasmic 
and non-vacuolated, a high percentage of cells would be expected to 
survive cryopreservation. In addition, the meristems are genetically 
stable, readily regenerated into complete plants which bulk up after 
storage, and are able to yield pathogen-free plants. Meristems have 
also been identified as excellent material for germplasm preservation of 
crop species with seedborne viruses (Kartha et al,, 1979). 


COLD STORAGE. One strategy used for germplasm preservation is 
the maintenance of cultures under minimal growth conditions. Minimal 
medium and low temperature are used to slow down the metabolic rate. 
To save storage space and reduce the frequency of subculturing, Morel 
(1975) has been able to keep the meristem tip regenerated plantlets of 
grape {Vitis vinifera) alive at 9 C with only one transfer a year. Lun- 
dergan and Janick (1979) found that in vitro proliferated shoot tips of 
"Golden Delicious" apple could be stored at 1 or 4 C for at least one 
year with no loss of growth potential. They estimated that about 2000 
culture tubes could be stored in an ordinary 0.28 m^ refrigerator. It 
would require 5.7 ha to accommodate the same number of trees. Cold 
storage has been successfully employed to maintain in vitro virus-free 
strawberry plantlets derived from meristems (Mullin and Schlegel, 1976). 
More than 50 different strawberry cultivars have been maintained by 
them for up to 6 years at 4 C in darkness. Low temper^ure was also 
used to store Lolium (Dale, 1980). 

Maintenance of cultures under minimal growth conditions does not 
stop the cellular p-oeesses. It merely reduces the frequency of culture 
transfer. Furthermore, to prevent desiccation, the addition of liquid 
medium, once every few months, is suggested. This not only is labori¬ 
ous and time consuming, but also subjects the culture to the possibility 
of microorganisroal contamination. 


CRYOPRESERVAHON. During the past five years, considerable inter¬ 
est has been generated in exploring the possibilities of storing plant 
meristems or vegetative buds at cryogenic temperatures, i.e., in liquid 
nitrogen at -196 C. Since all the metabolic activities of meristem 
cells are likely to be totally arrested at this temperature, one could 
postulate that these meristems could be stored in liquid nitrogen indefi¬ 
nitely. 

Seibert (1976) was the first to report shoot initiation of the carna¬ 
tion from cryopreserved shoot apices. Cryopreservation of strawberry 
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meristems was reported by Sakai et al. (1978) and Earths et al. (1980) 
with the demonstration of plantlet regeneration after thawing. Potato 
shoot tip cultures and the meristems of a nontuber-bearing potato, 
Solarium etuberosum, were frozen to -196 C and thawed by Grout and 
Henshaw (1978) and Tbwill (1981), respectively. The latter observed re¬ 
generation of a shoot mass as the predominant morphogenetic response. 
The cryopreservation of pea meristems (Kartha et al., 1979) and buds of 
hEirdy fruit trees (Sakai and Nishiyama, 1978) was also reported. 

It has become apparent that the condition of plant tissue prior to 
freezir^ greatly influences survival. Seibert and Wetherbee (1977) 
found that cold treatment of donor carnation plants at 4 C for 3 days 
or more before meristem excision resulted in a doubling of the survival 
rate after freezing and up to seven fold increase in shoot regeneration. 
It was suggested that the reason for this increase was that the low 
temperature hardened the plant tissue, which was then capable of sur¬ 
viving at lower temperatures than unhardened plants. Freshly dissected 
shoot tips do not usually survive extensive coolir^ unless a period of in 
vitro conditioning is given before the freezing treatment. Grout and 
Henshaw (1978) first reported this requirement for the survival of rapid 
freezing in some potato species. In cryopreservation of strawberry 
meristems, Kartha et al. (1980) found that maximum viability and plant 
regeneration (95^) was obtained when the meristems were precultured 
on a culture medium, while the survival rate of the meristems frozen 
without preculturing was only about 5%. Similar observations were 
reported in pea meristems (Kartha et al., 1979) and shoot tips of Sola¬ 
rium etuberosum (TowiU, 1981). The beneficial events that occur during 
this preculturing procedure, are obscure. 

Explants, with an apical dome and two to three pairs of subjacent 
leaf primordia, are usually used in the cryopreservation of shoot meri¬ 
stems. Reports on the conditions of these explants after the freeze- 
and-thaw cycle were conflicting. Seibert and Wetherbee (1977) re¬ 
ported that, in general, the cells in the meristem dome remained viable 
after freezing while those in the leaf primordia did not. Similar obser¬ 
vations were reported by Grout and Henshaw (1978). EM studies per¬ 
formed by Haskins and Kartha (1980), on the contrary, indicated that 
most of the actively growing cells in the pea meristems, which re¬ 
mained viable after cryotreatment, were located on primordial leaf tis¬ 
sues and in the axillary bud and stipule meristematic areas. These 
conflicting results might be due to species or procedural differences. 
Haskins and Kartha's work, however, indicated that the original meri¬ 
stematic dome does not have to be alive for the regeneration of whole 
plants after freezing and thawing. 

In the majority of experiments performed, the testing tissues had 
been exposed to liquid nitrogen for only a few minute. The assump¬ 
tion is that the critical periods for tissue survival are during freezing 
and thawing. Since cellular metabolism presumably is completely sus¬ 
pended, the length of time under liquid nitrogen should not affect the 
survival rate. Kartha et al. (1980), nevertheless, observed a reduction 
in regeneration rate of strawberry meristems from 95 to less than 6535 
after extending the period of cryostorage from 1 week to 2 or more 
(up to 8) weeks. With pea meristems, Kartha et al. (1979) reported 
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that 73, 68, 62.5, and 61% of explants regenerated into whole plants 
after 1 hr, 1 wk, 7 wk, and 26 wk storage in liquid nitrogen, respect¬ 
ively. These reports suggest that long-range storage studies are 
needed to reveal whether eryostorage is indeed capable of preserving 
germplasms indefinitely. 


Physiological Studies 

The study of buds on an intact plant does not allow isolation of the 
specific physiological factors which affect bud development. Excised 
buds cultured in vitro, on the other hand, provide a simplified system, 
unaffected by correlative relationships with other parts of the plant, 
and by unwanted environmental factors. This technique offers an ap¬ 
proach to study the control of growth, dormancy, reproductive cycles, 
and other physiological processes of buds. The following paragraphs in¬ 
clude some examples of such in vitro studies. 

In studying the time requirement for bud sprouting in vitro, Altman 
and Goren (1974) observed an innate characteristic of Citrus bud dor¬ 
mancy. They found that both the dormancy and the sprouting periods 
of buds in vitro corresponded to the natural periods occurring under 
field conditions. They postulated that culture experiments might help 
to elucidate more precisely the role of growth regulators in bud devel¬ 
opment, In Citrus summer bud culture they found the following: lAA 
delayed sprouting, while GA enhanced shoot elongation; cytokinins spe¬ 
cifically induced the formation of numerous adventitious buds whereas 
ABA completely inhibited sprouting; this inhibition, however, was re¬ 
versible, Thing in vitro bud culture and chilling experiments, Borkows- 
ka and Powell (1979) were able to determine the dormancy status of 
apple buds. 

Coleman and Thorpe (1978) were able to induce male strobUi forma¬ 
tion in western red cedar, Thuja plicata, from in vitro cultured vegeta¬ 
tive shoot tips under high concentrations of various gibberellins and 
continuous illumination. No strobili were induced by GA under short- 
day conditions or continuous darkness. lAA (100 pM) completely inhi¬ 
bited the induction of the male strobili that had been induced by GA. 

After the role of root tip in cytokinin biosynthesis was established, 
some workers suspected the possibility that the shoot apex was another 
site of cytokinin fx-oduction. Koda and Okazawa (1980) demonstrated 
such production through Asporagiw shoot apex culture. They found that 
the cultured shoot apices continued to diffuse a small but constant 
amount of cytokinin into the medium throughout five subcultures. The 
cytokinin content in the apices at the end of the subculture was not 
different from that at the start of the subculture. However, the root 
tip of Asparagus produced more cytokinin than the shoot apex. 


THE PROTOCOLS 

To illustrate the complete procedure of meristem, shoot tip, and bud 
culture, a protocol of meristem culture of a herbaceous species (potato) 
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and a protocol of shoot tip culture of a woody species (Sassafras) are 
provided. Since different species, different ages of the same species, 
as well as different parts of a plant, are likely to have different cul¬ 
ture requirements, the readers are referred to the next section on the 
factors affecting success, for tips on modifying the procedure for other 
experimental plant materials. 


Meristem Culture of Herbaceous Plant—Solomtm tuberosum (see Fig. 1 
for diagramatic representation). 

1. Obtaining plant materials: 

a. Cut tubers into 20 g sections. 

b. Soak tuber sections in .03 raM GA for 1 hr to break bud dor¬ 
mancy. 

c. Sprout tuber sections on sterile moist vermiculite in growth 
chamber. 

d. Harvest shoot tips as they reach 3 to 5 cm length (Fig, 2a). 

2. Surface disinfection is unnecessary. 

3. Dissection: 

a. Place under 15-20X stereoscope in a Laminar flow hood. 

b. Dissect meristem domes with one subjacent primordium (approx, 
75 |im, Fig. 2b). See "Dissection" subsection for details. 

4. Stage I—The primary culture. 

a. Transfer each meristem explant onto solid MS medium plus 1 
gA baeto-tryptone in a 15 x 19 mm culture tube. 

b. Incubate cultures at 25 C, 12-hr photoperiod with an intensity 
of 150 lux during the first month and 500 lux during the 
second month. Lights are provided by a mixture of cool white 
fluorescent tubes and incandescent bulbs. 

c. Rooted plantlets of 3 cm long regenerate in two months (Fig. 
2c). 

5. Stage II—In vitro layering. 

a. Transfer regenerated plantlets horizontally on the surface of 
MS solid medium + 0.005 mM NAA in 250 ml flasks. 

b. Two-three axillary shoots, with adventitious roots, develop in 
20 days (Fig. 2d). 

c. Press the newly developed axillary shoots to horizontal position 
on agar surface. 

d. Repeat step (c) at a 20-day interval until a mass of axillary 
shoots results (Fig. 2e). 

e. Harvest axillary shoots with a pair of sterile surgical scissors 
and subculture them onto fresh medium. 

f. Repeat step (e) at a 20-day interval with a two-three fold pro¬ 
liferation per subculture. 

Figure 2. Virus-free seed-potato production via meristem culture, (a) 
Explant sources, (b) explant for meristem culture, includir^ the apical 
dome and a subjacent leaf primordium, (e) 3 cm long shoot developed 
from explant after 40 d incubation, (d-e) in vitro layering, the shoots 
have been layered twice (d), and three times (e), (f) in vitro mass 
tuberization, minute dormant tubers form the shoots. They are ready 
to be harvested and stored outside the aseptic culture container. 
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6. In vitro tuberization. 

a. ‘Hransfer harvested axillary shoots into MS medium with 22.0- 
44.0 |iM BA and 0.23 M sucrose in 300 or 500 ml flasks. 

b. Incubate at 18-20 C, 8-hr photoperiod of 100-500 lux. 

e. Thirty to 50 dormant miniature tubers can be harvested from 
each 500 ml flask in a 4 month period. 



Figure 3. Schematic representation of the Sassafras randaiense shoot 
tip culture. (1) Bud explant from 5-yr-old field grown tree, (2) primary 
culture, (3) axillary shoot proliferation, (4) rootir^ of shoots in a liquid 
medium, filter-paper-bridge system, (5) rooted plantlet, (6) planting-out. 
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Shoot Tip Culture of Woody Plant—Sosse^os randaiense (Hay.) Rehd. 

(see Fig. 3 for diagramatie representation) 

1. Obtaining explants 

a. Spray the buds of a 5-year^old tree with a mixture of antibio¬ 
tics and a systemic ftingicide (Streptomycin 0.195 + Benlate 
0.195) at weekly intervals in early spring. 

b. Harvest tips of newly sprouted shoots (approx. 5 cm loi^) one 
week after the fourth spray. 

c. Dissect 8-10 mm long shoot tips with apical dome and seven- 
ten tightly packed leaf primordia. 

2. Surface disinfection 

a. Dip explants in 7595 ethanol for 2-3 see. 

b. Rinse once with sterile distilled water. 

e. Soak explants in 0.595 NaClO with 0.01* Tween 20 under ultra¬ 
sonic vibration for 5 min. 

d. Ttansfer into Laminar flow hood and rinse once with sterile 
distilled water. 

3. Stage I—the primary culture 

a. Tiransfer shoot tip explants onto a modified LS (Linsmaier and 
Skoog, 1965) solid medium with 2x FeEDTA and the following 
additives: 0.15 M sucrose, 3095 CW, 100 mgA malt extract, 
0.22 mM ADE sidfate, 0.34 mM glutamine, 0.3 mM arginine, 
0,27 mM NAA, and 0.28 mM KIN. 

4. Stage II—axillary shoot proliferation 

a. Subculture multiple bud mass onto fresh medium of the same 
composition in 250 ml flasks. 

b. Repeat step (a) at a monthly interval. 

c. Stimulate shoot growth by transferring multiple bud masses to 
the same medium with KIN reduced to 23.0 |iM (Fig. 4a). 

5. Stage III—rooting 

a. llTansfer 1-cm-long shoots into culture tubes with filter-paper- 
bridge and LS liquid medium supplemented with 25.0 |iM IBA. 

b. Sporadical rootir® (up to 2095) results in 15-45 days (Fig.4b). 

6. Planting-out 

a. liransfer rooted plantlets into vermiculite containing flats 
covered with transparent plastic sheets. 

b. Incubate flats under a 12-hr, 25 C day of 4 klx cool while 
fluorescent light and and 12-hr, 15 C night regime. 

c. Remove plastic sheet 1 month after transplanting. A 9595 sur¬ 
vival rate should result (Fig, 4c). 


FACTORS AFFECTING SUCCESS 

The ability of explants to survive, multiply, and r^enerate is a 
consequence of a wide variety of factors such as the origin of cultures, 
history of explants, physiological state of exEdants, endogenous hormone 
concentrations, and general culture conditions, i.e., mineral salts, car¬ 
bohydrate, light, and temperature. Only certain guidelines can be 
offered here. Since each species presents a somewhat unique problem 
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Figure 4. Micropropagation of Sassafras randaiense. (a) Axillary shoot 
proliferation, (b) rooted plantlet, (c) planting-out. 

for determining needs for in vitro culturir^, trial and error is the best 
available route to success. 


Plant Materials 

SIZE. When very small explants are used, the presence of leaf pri- 
mordia appears to determine the capability of an explant to develop. 
Ifeing 0,1-mm-long potato meristems, Kassanis and Varma (1967) found 
that the explants with one leaf primordium resulted in a more advanced 
development than those lacking leaf primordia. For rhubarb it was 
essential to dissect tips with two to three primordial leaves. Smaller 
tips did not grow (Walkey, 1968). Working with in vitro micrografting 
of apple, Huang and Millikan (1980) reported 15, 65, 75, and 90SB suc¬ 
cess rates when apical domes with 0, 2, 4, and 6 subjacent leaf pri¬ 
mordia were used, respectively. The lack of developmental capacity of 
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the apical domes is likely due to its dependence on the subjacent leaf 
and stem tissues for hormonal resources. A more sophisticated culture 
medium with balanced hormonal combination is required for growth 
(Shabde and Murashige, 1977; Kartha et al., 1974b). 

The size of the explant determines the survival of the culture. In 
general, the larger the explant, the better the chance for survival. 
For example. Dale (1977b) reported that, in the meristem culture of 
eight grass species, variations in the survival of tips between species 
was highly correlated with the size of tips cultured; the longer the tip, 
the higher the survival rate. In cassava, Kartha and Gamborg (1975) 
demonstrated that only explants exceeding 0.2 mm in length formed 
complete plants. Those less than 0.2 mm produced either callus or 
roots. 

Based on the foregoing discussions, it is evident that large explants, 
such as shoot tips and buds instead of the minute meristems should be 
selected for in vitro mieropropagation. However, when eradication of 
viral infection is one of the objectives, meristems of the smallest size, 
while still within the regenerable range, should be used. Stone (1963) 
found that when excising carnation shoot meristems, explants smaller 
than 0.2 mm were unlikely to root while those larger than 0,76 mm 
produced plants that still contained mottle viruses. Tips between 0.2 
and 0.5 mm most frequently produced virus-free plants. Mellor and 
Staee-Smith (1977) usually rejected meristems of potato less than 0.3 
mm long because they were urtikely to root, and rarely used buds more 
than 0.7 mm long because they were prone to infection. Within the 
narrow size range, there is little variability in rooting ability. Al¬ 
though rare, there are examples for the use of large shoot tips and 
their success in viral elimination. For example, \Tne and Jones (1969) 
obtained virus-free plantlets through cultivation of shoot tips of hops 
that were 5 mm in lei^th. 


BUD LOCATION. Explants taken from the tip of a shoot are in a 
youi^er st^e of development than explants taken from the base. A 
young developmental stage has often been found to be optimum for 
shoot regeneration. Roest and Bokelmann (1981) reported that in car¬ 
nation nodal segment culture, the percentage of shoot development be¬ 
tween explants taken from the top and the base of the shoot was 88.6 
and 69.8, respectively. In Chiysanthemum meristem culture, Rollings 
and Stone (1968) ascertained that the success rate of explants obtained 
from terminal buds was 3226, whereas from lateral buds it was 1896. 
The terminal buds presumably have a stronger growth potential than 
the lateral ones. Hasegawa (1979) observed that a higher percentage 
of shoot tip explants of rose developed multiple shoots than from later¬ 
al buds. Therefore, it is more desirable to use terminal explants in 
most cultures. Since there is only one terminal bud per shoot, many 
workers also use axillary buds. Satisfactory results have been reported 
with axillary buds (Ancora et al., 1981; Gupta et al., 1981; McComb 
and Newton, 1981). 
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SEASON. Like all asexual propagation methods, the success of meri- 
stem, shoot tip and bud cultures is affected by the season during which 
the explants are obtained. Altman and Goren (1974) studied the 
sprouting time required for excised Citrus buds in vitro and found that 
both the dormancy and the sprouting periods of buds in vitro corre¬ 
sponded to the natural periods occurring under field conditions. For 
plant species with a definite dormant period, the best results may be 
expected when the explants are dissected at the end of their dormancy 
period. Mellor and Stace-Smith (1969) found that, for most potato 
varieties, meristems excised right after dormancy, i.e., in spring and 
early summer, root more readily than those taken later in the year. 
When Tabachnik and Kester (1977) cultured dormant buds of almond in 
late October, some callus developed and the buds became chlorotic and 
eventually died. On the other hand, when the buds were excised in 
late December and January, after bud dormancy had already been bro¬ 
ken by low temperature, cultures grew readily. The rate of shoot 
development appeared to be greater in material collected in January. 
In the in vitro micrografting studies, Huang and Millikan (1980) found 
there was a 60^ success rate when apple meristems were obtained from 
the field between March and June. The rate gradually decreased to 
10^ during June to November and stayed at 10^ throughout the winter 
months (November to February). 

Actively growing shoot tips are recommended for meristem, shoot tip 
and bud cultures because of their strong growth potential, and their 
low virus concentration. Stone (1963) has found a better survival of 
carnation meristems excised and cultured during the active growing 
season of early spring and early autumn, compared to those taken in 
summer and winter. Poessel et al. (1980) reported that the best time 
for obtaining buds for in vitro micrografting was during the period of 
rapid shoot growth. Otherwise, a low success rate was observed. Ac¬ 
tively growing shoots can be obtained by growing sterilized stem sec¬ 
tions, bulbs, corras, or tubers in autoclaved vermiculite in greenhouse 
or laboratory (Kartha et al., 1974b; Wang, 1977) or from spring growth 
of the field plants. 


Surface Disinfection 

Shoot tips, buds, or nodal sections are usually cut to a size some¬ 
what larger than the final explant. They are surface disinfected, then 
cut or dissected under an aseptic hood to the final size before being 
transferred into the culture vessel. 

The most commonly used surface disinfectant is sodium hypochlorite 
(NaClO) which is often used as a 5-6% commercial bleach, e.g., Clorox 
or Javex. Plant segments are usually soaked in a 10-15% solution of 
such bleach (0.5-0.75% NaClO) for 5-15 min. The concentration as well 
as the duration of soaking may be reduced or increased accordii^ to 
need. As long as 45 min soaking in 10% Clorox was used by Kunisaki 
(1980). The use of concentrations of NaClO higher than 1% (Minocha, 
1980; Thbaehnik and Kester, 1977) and even up to 10% 6iuo and Thay, 
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1977; Walkey and Cooper, 1976) have been reported. Tissue damage or 
cell death may result from such high concentrations. It is of interest 
to note that apple shoots, which are readUy damaged by common sur¬ 
face disinfectants, become more resistant after a short period of incu¬ 
bation on a culture medium. Surface disinfection following such a pro¬ 
cedure resulted in undamaged sterile apple shoot tips for in vitro 
mieroprop^ation (Jones et al., 1977). It is not yet known whether 
such brief preeulturing is also effective in reducing the sensitivity of 
other plant species to disinfectant damage. 

To increase wettability, a small amount (0.01-0.1*) of surfactant such 
as Tween 20, Tween 80, Teepol, or Mannoxol should be added to the 
disinfecting solution. Magnetic stirring, ultrasonic vibration, or vacuum 
may be applied during soaking in order to reduce the possibility of 
trapping air bubbles on the explant surface. A quick dipping (5-30 see) 
of the plant segments in 70-75* ethanol is frequently performed prior 
to bleach soaking. This extra step not only kills surface microorgan¬ 
isms but also acts as an effective surfactant. For explants with well 
protected outer structures, e.g., clove of garlic or bud of Populus, the 
ethanol dipping may be followed by a brief flaming (Bhojwani, 1980b; 
Whitehead and Giles, 1977). 

Other commonly used surface disinfectants include calcium hypochlor¬ 
ite and mercury chloride. The concentration used for these disinfect¬ 
ants is similar to that of NaClO. One to three rinses with sterile dis¬ 
tilled water are necessary to remove the disinfectant before the final 
excision of the explant. 

Complete disinfection of many woody species can be extremely diffi¬ 
cult, especially when the explants are taken from the field. To reduce 
the contamination rate in shoot tip culture of Sasscfras, Wang sprayed 
the buds on a 5-year-old tree with a mixture of an antibiotic and a 
systemic fungicide (0.1* streptomycin + 0.1* Benlate) in weekly inter¬ 
vals early in the spring. Tips of the newly sprouted shoots were har¬ 
vested one week after the fourth spraying, surface disinfected, then 
grown in vitro. Despite this effort, about 95* contamination rate was 
experienced in this species (Wa:^ and Hu, unpublished). Similar rates 
were experienced when field grown papaya (Litz and Conover, 1978) 
and Castmea (Hu, unpublished) were used. Some recommendations were 
made by BJl. McCown (personal communication) for reducing the con¬ 
tamination rate in woody species: 

1. Ifee plants produced in the greenhouse or phytotron if at aU pos¬ 
sible. 

2. Use actively growing new shoots. The longer the material stays in 
the field, the more problems one will encounter with contamination 
(McGrew, 1980; Skirvin et al., 1979). 

3. Some material works better if 2.5-5 cm nodal pieces are sterilized 
and placed in test tubes with 1 cm of liquid medium in the 
bottom. The new growth from the bud is used for further culturing 
on agar medium. The liquid medium in the test tube should be 
without si^ar, thus considerably reducing the growth of 
contaminants. 
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Despite all disinfecting efforts, contamination may still persist in 
some species. This is possibly due to some endogenous microorganisms 
that are harbored within the explant tissue. Some of these contami¬ 
nants are slow growing or latent and will not be visually apparent for 
several subcultures. To detect and weed out such contaminated cul¬ 
tures, some laboratories incorporate casein hydrolysate, bacto nutrient 
broth or yeast-peptone in the culture medium during certain stages of 
eulturmg to speed up the growth of the contaminants, if any, to a vis¬ 
ible level (Dale, 1979; Lane, 1979b,c; Anderson, 1980; James and Thur- 
bon, 1981). 


Dissection 

The dissecting operation is performed in a laminar flow hood or a UV- 
equipped aseptic transfer hood. Before dissection, the surfaces of the 
hood as well as the stereomicroseope and illuminator should be disin¬ 
fected with 70 or 75^ ethanol. Surface-sterilized culture containers 
and tools should be arranged in a handy fashion on the bench surface 
in the hood. 

A single edged razor blade is used to excise the shoot tip, bud, or 
nodal explant. A pair of forceps are used to transfer the explant into 
a culture container. The blade and forceps should be dipped in ethanol 
and dried on a sterile paper towel or by flame after each operation. 

A^ stereomicroseope, illuminator, and microscalpels are needed for the 
excision of meristems. Most spotlight illuminators on dissecting micro¬ 
scopes release intense heat energy. In order to prevent heat damage, 
the meristems should be exposed to light as briefly as possible during 
dissection. Illuminators with cool rays (fluorescent lamps) or glass fiber 
illumination are more desirable. Hypodermic needles (21 gauge) are 
used as microscalpels in our laboratory. They are cut into different 
lengths (2 and 3 cm) and fixed onto handles. To give each needle suf¬ 
ficient time to dry or cool down after ethanol-flame sterilization, sev¬ 
eral needles are used alternately. The short needles are employed to 
remove leaves and leaf primordia. It is not too difficult to excise the 
apical meristems of plants with loosely packed apices. Special care 
must be taken to avoid damaging the meristem in species whose pri¬ 
mordia are tightly packed against the apical dome. As the dissecting 
operation approaches^ the apex, a different sterile needle should be used 
to cut each primordiura a precaution to avoid carrying microorganisms 
primordia to the sterile apex. This precaution becomes espe- 
ei^y important when dissecting species with abundant hairs on the 
primordia, such as strawberries. The long needles are used for meri- 
stem excision. A smooth, clean cut is desired. The same needle is 
us^ to transfer the explant onto the surface of the culture medium. 

Orientation of the explant on the medium surface does not appear to 
be critical as long as the explant is not buried underneath the medium 
surface. To create an ultimate contact between the nutrient and the 
explant surface, we usually add a thin layer of sterile, 
distilled water on the surface of the agar medium. This extra layer of 
fluid may also facilitate an effective dispersion of toxic metabolic 
wastes released by the cultured tissue. 
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White's medium (1943) was the most widely used medium during the 
early days of meristem cultures. Many improvements have been made 
since then, the most noticeable of which are the enhancement of the 
N, P, and K levels, the reduction of the Ca level and the prevention of 
iron precipitation at high pH. There is no general purpose medium yet 
available for meristem, shoot tip or bud culture. Most of the commonly 
used media were originally developed for root cultures and other pur¬ 
poses. The optimum concentration of the ingredients, especially of 
raicronutrients, have not been critically evaluated for meristem, shoot 
tip or bud culture. Among the media listed in Table 1, Murashige and 
Skoog (1962) medium (MS), with some modifications, is the one used 
most frequently and with greatest success. The growth additive and 
salt concentration requirement of the medium varies from species to 
species and, especially, from one stage of culture development to ano¬ 
ther. Some general tips are given in the appropriate sections below. 


Stage I—Culture Establishment 

In Stage I, the explants may develop either into single shoots, or 
into multiple shoot masses, or even into rooted plantlets. The first 
two eases are used in micropropagation, while the third case, the one- 
step plant regeneration, is usually preferred for virus-free plant regen¬ 
eration work through meristem culture. 


GROWTH REGULATORS. Although a small quantity of cytokinin may 
be synthesized by shoots grown in vitro (Koda and Okazawa, 1980), 
roots are the principal site of cytokinin biosynthesis. It is unlikely 
that the meristem, shoot tip, and bud explants have sufficient endo¬ 
genous cytokinin to support growth and development. Thus, 853s of the 
Stage I culture media listed in Table 1 were supplemented with a cyto¬ 
kinin. There are three cytokinins frequently used: kinetin (KIN), N®- 
benzyladenine (BA) and N®-(2-isopentenyl)-adenine (2iP). BA is most 
effective for meristem, shoot tip, and bud cultures, followed by KIN. 
2iP has been used less frequently (Nair et al., 1979). The range of 
effectiveness is reflected by the frequency of their usage. In Table 1, 
among the cytokinin containing Stage I media, 6856 used BA, 235$ used 
KIN and 9% used 2iP, zeatin (ZEA), and SD8339. The low percent^e 
usage of the last three cytokinins is partially attributed to their h^h 
cost and limited availability. One should be aware of the fact that, 
although a given cytokinin may not work well in certain species, it 
may be quite effective in others. For instance, 2iP was found to be 
the cytokinin of choice for plants in Ericaceae (McCown, personal 
communication). Of the Stage I media listed in Table 1, 15* can be 
established without cytokinin. It is likely that a sufficient quantity of 
endogenous hormone is already present in the explants. Furthermore, 
some of the species in these cases, e.g., Fragaria, Phaseolus, Rubus, 
and Solaniun, are known to regenerate adventitious roots readily. The 
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regenerated roots may act as a new source of eytokinins before the 
residual hormone is exhausted. None of these 1586 Stage 1 media, 
however, supported axillary shoot proliferation. 

Auxin is another hormone required for shoot growth. Since the 
young shoot apex is an active site for auxin biosynthesis, exogenous 
auxin is not always needed in Stage 1 medium, especially when rela¬ 
tively large shoot tip explants from actively growing plants are used. 
Thus 4086 of the Stage 1 media listed in Table 1 are auxin free. There 
are eases that exogenous auxin is not essential but is beneficial for the 
growth of Stage 1 cultures (Dale, 1975). Resting buds and meristems 
0.4 mm or less may not produce (or retain) enough endogenous auxins 
for shoot growth. In these cases, exogenous auxin needs to be added. 
lAA, IBA, NAA, and 2,4-D are the most frequently used auxins in plant 
tissue cultures. lAA is considered as the weakest of the four and is 
readily inactivated by light and by tissues with high lAA-oxidase 
activity. Nevertheless, when effective, lAA shows minimum adversity on 
organ formation. IBA is slightly more potent than lAA and is not easi¬ 
ly broken down. In contrast, 2,4-D is the most potent auxin of the 
four. 2,4-D stimulates callus formation and strongly antagonizes 
organized development. Consequently, NAA is the auxin routinely used 
by most laboratories for meristem shoot tip, and bud cultures. A 
survey of auxin containing Ste^e I media in Table 1 indicated that NAA 
was used in 51*, IBA in 2786, lAA in 22*, and 2,4-D in 6* of the 
cases. The usual concentration range used in Stage I is between .045 
to 10,0 i«M. 

Gibberellin (GA) has been included in only 17* of the Stage I media 
listed in Table 1. Evidently, sufficient quantities of this hormone are 
synthesized by most explants. When GA is supplemented, its function is 
primarily for bud elongation (Schnabdrauch and Sink, 1979). The con¬ 
centration used in Stage I media is 0.29 nM or less, which is exceed¬ 
ingly low compared to the levels used in other types of tissue culture 
experiments. 


INCUBATION CONDITIONS. Few studies have been carried out to 
reveal the optimum physical incubation conditions, such as temperature, 
light, etc. The optimum incubation temperature varies with species. 
The climatic zone where the plant originated offers some clues as to 
what temperature should be selected. Most workers in meristem, shoot 
tip, and bud cultures select a constant incubation temperature ranging 
between 20-28 C, with the great majority in the middle of this range, 
i.e., 24-26 C. When the incubation temperature is raised above 28 C, 
water tends to condense on the plants and container walls, which may 
restrict growth (Lane, 1979b). A daymight temperature fluctuation may 
be desirable for some plants, especially for those adapted to temperate 
and desert climates. Minoeha (1980) and Ro^emans and Claes (1979) 
used 25:20 C day:night temperature for Betula papyrifera nodal and 
Rheum rhaponticum meristem cultures, respectively; ZSv (1979) used 
24:20 C day:night temperature for Gladiolus bud culture. However, 
most workers who used a fluctuating day:night incubation temperature 
did so through arbitrary choice, without experimental support. There 
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are reports questioning the value of lowered night temperature (Hase- 
gawa et al., 1973). 

As in temperature selection, incubation light—duration, intensity, and 
quality—are also generally selected in an arbitrary way. In order to 
maximize the in vitro growth and prevent induction of dormancy, with 
few exceptions, long photoperiods (12-24 hr per day) are used. The 
most commonly used photoperiod regime is 16 hr day vs. 8 hr night. 
The light intensity is usu^y 1-10 klx. Since light stimulates tissue 
browning for explants with high polyphenol content, it is advisable to 
reduce light intensity below 1 klx or even incubate in darkness (see 
the next section). In most cases, light is provided by fluorescent tubes 
of the cool white or Gro-lux type. Small wattage incandescent bulbs 
are sometimes added to supplement the red and far-red region of the 
light spectrum. 

Air humidity is infrequently controlled during incubation. Those who 
do control it usually set the relative humidity between 60-8096, with 
70% being the most frequent setting. 


POLYPHENOL OXIDATION. Many plants are rich in polyphenolic com¬ 
pounds. After tissue injury during dissection, such compounds will be 
oxidized by polyphenoloxidases and the tissue will turn brown or black. 
The oxidation products are known to inhibit enzyme activity, kill the 
explants, and darken the tissues and culture media. Such phenomena 
impose a serious block on the establishment of primary cultures, especi¬ 
ally in woody plants. Some of the procedures used by various workers 
to combat this problem are (1) adding antioxidants to culture medium; 
(2) presoaking explants in antioxidant before inoculating into culture 
medium; (3) incubating the initial period of primary cultures in reduced 
light or darkness; and (4) frequently transferring explants into fresh 
medium whenever browning of the medium is observed. 

The inclusion of antioxidants, such as ascorbic acid, polyvinylpyrroli¬ 
done (PVP), dithiothreitol, or bovine serum albumen into LS agar medium 
has been reported in Anigozanthos bud cultures (McComb and Newton, 
1981) and cultures of immature Sassafras embryos ftlu and Wang, unpub¬ 
lished). The reason for the ineffectiveness might partially be attributed 
to the utilization of solid media. According to Ichihashi and Kako 
(1977), the browning of Cattleya shoot tips was most effectively inhib¬ 
ited by adding an antioxidant into a liquid medium in stationary condi¬ 
tion. The inhibitor for polyphenoloxidase activity has little or no 
effect on the browning process of a solid medium. The inhibitors they 
used were 5 mM of potassium cyanide, ascorbic acid, cysteine, and 
thiourea. Stevenson and Harris (1980), however, reported reduction of 
agar medium discoloration with PVP-10 (0.01%) in Fuchsia shoot tip cul¬ 
tures. 

In the preliminary experiments of Tactona granis bud cultures per¬ 
formed by Gupta et al. (1981), the medium turned black and all the 
explants died. In order to reduce blackening, the explants were sus¬ 
pended in a solution of different antibrowning agents in .058 M sucrose 
and agitated on a rotary shaker for 45 min before inoculation onto MS 
solid medium. The agents tested were H 2 O 2 (5%), ascorbic acid (.28 
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mM), soluble PVP (0.736) and polyclar AT (0.735). Blackening was re¬ 
duced by aU the treatments. Multiple shoots, nevertheless, were 
formed only from explants treated with polyclar AT (an insoluble PVP) 
which is known to combine with phenolics by H-bonding. More recent¬ 
ly, Polyclar AT has been replaced by insoluble polyvinylpyrrolidone 
(Sigma Chem. Co, USA) which gives similar results. In the culture of 
Anigozanthos buds, McComb and Newton (1981) soaked the explants in 
0.55 M ascorbic acid while the material was being excised as well as 
after surface sterilization and before inoculation. Whether this 
pretreatment reduced tissue browning and explant loss was not re¬ 
ported. 

Since the harmful phenolic oxidation products are formed under illum¬ 
ination, reduction of light intensity at the initial period of Stage I 
culture incubation should be beneficial. A less than 435 browning of 
the garlic meristem dome explants was obtained by Wang and Huang 
(1974) when the incubation light intensity during the first month was 
150 lux, whereas 1835 browning resulted under 500 lux. In order to 
reduce the accumulation of phenolic oxidates several workers carried 
out the initial incubation period (1-6 weeks) in darkness (Adams et al., 
19795 McComb and Newton, 19815 Monaco et al., 1977). However, the 
degrees of effectiveness of those dark incubations were not reported. 

The tissue and medium discoloration in thornless blackberry culture 
were effectively controlled by Broome and Zimmerman (1978) when the 
shoot tip explants were transferred to fresh medium 1-2 days after 
initial culturing. In shoot tip culture of mountain laurel, Lloyd and 
McCown (1980) transferred the explants into fresh liquid media 12 and 
24 hr after the initial culturing, then continued the transfer process on 
a daily basis for one week before medium discoloration was completely 
under control. Axillary shoots were successfully produced from these 
explants 1-2 months later. 


Stage n— Multiplication of the Propagule 

The main objective of this stage is to produce the maximum number 
of useful propagule imits. Among the three methods for achieving 
propagule multiplication, only the "axillary shoot proliferation" is 
covered in this chapter. Althoi^h the proliferation rate of this method 
may be slower than the other two in vitro methods, it provides genetic 
stability and is easily achievable by most plant species. Thus this 
method has rapidly gained popularity in recent years. For instance, 
Murashige (1974) cited only four species that were being multiplied 
using this method. By the end of 1981, there were at least 90 more 
species that could be added to the list (Table 1). With many genera, a 
million-fold enhancement of clonal plant increase in a year's time has 
been estimated using this method (Earle and Langhans, 1974a,b; Mura¬ 
shige, 19745 1977; Whitehead and Giles, 1977). 


GROWTH REGULATORS. In "axillary shoot proliferation," cytokinin is 
utilized to overcome the apical dominance of shoots and to enhance 
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the branching of lateral buds from leaf axils. All, except one, of the 
Stage n media listed in "ftible 1 have cytokinin added. The effective 
concentration of exogenous cytokinin required to reverse apical domin¬ 
ance varies with the culture systems. Cytokinin concentration can be 
rather high compared to other types of in vitro cultures. Approximate¬ 
ly three-quarters of the Stage n media listed in Table 1 were supple¬ 
mented with 4.5 jiM cytokinin or higher; one fourth with 25.0 mM or 
higher. Systems requiring as high as 90-270 (iM cytokinin are occasion¬ 
ally encountered (Schnabelraueh and Sink, 1979; Skirvin et al., 1979; 
Wang and Hu, unpublished). In general, it appears that BA is the most 
effective cytokinin for stimulating axillary shoot proliferation, followed 
by, in decreasing order KIN and 2iP (Bhojwani, 1980a; Hasegawa, 1980; 
Kitto and Young, 1981; Lundergan and Janick, 1980; Papaehatzi et al., 
1981; Yang et al., 1981). A quite different order of cytokinin effect¬ 
iveness may exist in certain species, such as Rhododendron CAnderson, 
1975) and mountain laurel (Lloyd and McCown, 1980) in Ericaceae, The 
percentages of Stage n media in Table 1 using BA, KIN, 2iP, and ZEA 
are 7.6, 19.4, 3, and 3%, respectively. 

Exogenous auxins do not promote axillary shoot proliferation; how¬ 
ever, culture growth may improve by their presence. It was found that 
the multiplication potential of potato shoots during in vitro layering 
declined after 7-10 subcultures. This degeneration phenomenon could 
be completely reversed and eliminated by enriching the medium with 
0.54 mM NAA (Wang and Hu, 1980). Of the Stage H media in Table 1, 
48% were supplemented with this hormone. One of the possible roles 
of auxin in Stage n medium is to nullify the suppressive effect of high 
cytokinin concentrations on axiUary shoot elongation and restore normal 
shoot growth (Lundergan and Janick, 1980). Too high a concentration 
of auxin may not only inhibit axillary bud branching (Hasegawa, 1980), 
but also induce callus formation, especially when 2,4-D is used. The 
percentages of auxin containing Stage n media in Ihble 1 using NAA, 
IBA, lAA, and 2,4-D are 58, 26, 16, and 0, respectively. With some 
exceptions (Hasegawa, 1979), this percentage data should reflect the 
rank of effectiveness of these auxins in Stage n medium. 

Twelve percent of the Stage n media listed in Table 1 were supple¬ 
mented with GA. The concentration range used was exceedingly low 
compared with other in vitro culture systems. Its role is essentially 
for axillary bud elongation (Schnabdraueh and Sink, 1979). Wochok and 
Sluis (1980a) observed that a topical treatment of Atriplex shoot 
explants with GA was effective not only in stimulating shoot elonga¬ 
tion, but also in enhancing shoot multiplication beyond that of the most 
effective auxin-cytokinin combination. Lundergan and Janick (1980), 
however, detected no influence on either proliferation or growth of 
apple axillary buds when 0.29 GA was added. Ancora et al. (1981), 
working with globe artichoke, su^ested that GA was not necessary to 
maintain shoot proliferation in vitro. 


PROLIFERATION RATE. Since multiplication is the major economic 
criterion for successful commercial tissue culture propagation, the 
proliferation rate of Stage n determines the feasibility of in vitro 
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propagation of a given species. This rate is affected by numerous 
factors. TTie chemical composition of culture medium and the physio¬ 
logical state of the plant material is of major importance. The 
chemical factors are largely determined by the concentration and types 
of exogenous growth regulators which have already been discussed in 
the previous section. Very little work has been done in exploring the 
effects of the physiological state of the plant material on culture 
response. The importance of this aspect on shoot proliferation, never¬ 
theless, cannot be overlooked. For example, in carrizo citrange 
culture, the difference in the physiological states of the shoot tip vs. 
nodal explants resulted in a significantly different proliferation rate—3.0 
vs. 1.7 shoots per explant, respectively (Kitto and Young, 1981). 

The physiological state of the plant material can be modified through 
culture practices. In mieropropagating a 20-year-old Eucalyptus citrio- 
dora tree, Gupta et al. (1981) found that bud explants gradually died 
when cultures were incubated under 23-25 C. However, when cultures 
were preincubated in 15 C for 3 days prior to transferring to 25 C, 
the explants grew and eventually led to a successful in vitro 
propagation. 

Numerous examples indicated that the recalcitrant state of many 
species can be gradually modified through serial subculturing. In bud 
culture of Betula platyphylla, McCown and Amos (1979) observed that 
as the new growth was subcultured on a monthly basis, growth became 
more rapid and shoot multiplication was progressively easier to stimu¬ 
late. Litz and Conover (1978) also experienced an increase in shoot 
multiplication rate with the increased number of subcultures. A prolif¬ 
eration rate of seven-fold was reached after nine subcultures. 

Incubating the plant material in a liquid-shaking system for a brief 
period also appears to result in a modification of the physiological 
state of certain plant species and speeds up shoot proliferation. In the 
bud culture of Mailing Merton apple rootstocks, a faster growth rate 
was observed when the in vitro produced shoots were cut and placed 
in liquid medium on an orbital shaker for four days. Intense prolifera¬ 
tion became evident as these shoots were transferred back to a solid 
medium (Snir and Erez, 1980). Shaking the liquid culture seems advan¬ 
tageous. Walkey and Cooper (1976) reported that no multiple shoot 
proliferation was induced when the meristem tips of Stellaria media 
were cultured in a static liquid culture. As the meristem tips were 
placed in moving liquid culture, growth rate increased and the axillary 
buds divided to form a mass of proliferating shoots and roots. To in¬ 
duce bud proliferation from explants of mature Eucalyptus trees, Gupta 
et al. (1981) found that in addition to the 15 C preincubation, it was 
necessary to incubate the elongated explants in a shaking liquid 
medium for two weeks. In subsequent subcultures neither 15 C incuba¬ 
tion nor liquid medium was necessary. They estimated that over 
100,000 plants can be obtained by this method in a year from a single 
bud. It is, therefore, evident that the liquid-shaking system somehow 
reconditioned the plant and the newly acquired physiological state can 
be passed on for many subcultures on agar medium. However, the 
liquid-shaking system is not necessarily beneficial to all plant species 
(Kusey et al., 1980). 
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Few experiments have been designed to reveal the effects of incuba¬ 
tion environments on shoot proliferation. Usually, the conditions used 
for Stage I are retained in Stage n cultures. Kitto and Young (1981) 
correlated the incubating light intensity and the number of shoots pro¬ 
duced by each carrizo citrange shoot tip. They reported that under 
0.0, 2,2, and 5.7 klx light intensity, 1,3, 3.0, and 2.1 shoots per 
explant resulted, respectively. This report indicates the need for 
knowledge in this neglected area. 


Stage HI—Root Regeneration 

The purpose of this stage is de novo regeneration of adventitious 
roots from shoots obtained in Stage n or, in some eases, in Stage I and 
forming complete plants. Usually in vitro produced shoots of 10 mm or 
longer are cut and used in Stage HI culture. Sometimes the elongation 
of shoots in Stage n is inhibited by high eytokinin level, thus, an 
intermediate shoot eloi^ation stage becomes necessary. War® (unpub¬ 
lished) reduced BA concentration from 264 to 22.0 tiM to stimulate the 
elongation of Sassafras shoots from Stage D cultures before being trans¬ 
ferred into rooting medium. Adventitious root formation can be 
induced quite readily in many herbaceous species, but it can be very 
recalcitrant in most woody species, especially from the mature trees. 
For these species Stage IE probably is the most difficult of the three 
stages to accomplish. In this section, some helpful tips and techniques 
that have been reported will be examined. 

Stage in does not always have to be carried out in vitro. A 100% 
rooting was reported by McCown and Amos (1979) when the shoots of 
Betula platyphylla were placed in 1:1 peat/perlite in a warm 30-35 C, 
high humidity (>80%) chamber. Kusey et al. (1980) obtained 60% root¬ 
ing of Gypsophila paniculata by planting shoots in Jiffy 7 peat moss 
cylinders in greenhouse under intermittent mist. Instead of preparing 
auxin solution, commercial rooting powder, e.g., Rootone F, may be 
used to predip shoot bases before planting in rooting medium (Pyott 
and Converse, 1981; Woehok and Sluis, 1980b). Pyott and Converse 
(1981) found that rooting in vitro for red raspberry clones was 
unpredictable. Good rootii® was obtained in greenhouse by placing 
shoots into pasteurized sand under intermittent mist. 


CULTURE MEDIA. Growth Regulators. There are three phases 
involved in rhizogenesiss (a) induction, (b) initiation, and (c) elongation. 
Since it is rather difficult to isolate the induction phase in most 
experiments, this phase has usually been combined into the phase of 
initiation. It is well known, from the classic work of Skoog and Miller, 
that de novo root initiation depends on a low eytokinin to a high auxin 
ratio. Since the hormonal requirement for Stage II medium is opposite 
to this particular balance. Stage H medium is rarely used in Stage IH. 

In bud culture of Chinese cabbage, Kuo and Thay (1977) demonstrated 
that an exogenous eytokinin/auxin ratio >1 v/as necessary for good 
shoot growth and <1 for root differentiation. UfeuaHy there is sufficient 
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residual cytokinin in shoots from Stage II cultures; thus, little or no 
cytokinin is needed in Stage III medium. A survey of Table 1 reveals 
that there are only 27% Stage III media supplemented with cytokinin. 
The majority of the cytokinin containing Stage III media have reduced 
the cytokinin level to 4.5 pM or less. Too high an in vitro cytokinin 
content was shown to be deleterious to the initiation and the elonga¬ 
tion of roots of both monocotyledonous and dicotyledonous plants 
(Henny, 1978; Lo et al., 1980; Nemeth, 1979; Pennazio, 1975). Some¬ 
times, the residual cytokinin from Stage II cultures is high enough to 
suppress root formation. Transferring these unrooted shoots from the 
old rooting medium to fresh medium of the same composition might 
result in root formation (Ancora et al., 1981). 

Since auxin is essential for root initiation, 86% of the Stage III 
media listed in Table 1 were supplemented with this hormone. Again, 
numerous studies have indicated that, among the common auxins, NAA 
is the most effective auxin for induction of root regeneration (Ancora 
et al., 1981; Kitto and Young, 1981; Johnson, 1978). The percentages 
of NAA, IBA, lAA, 2,4-D and other auxins used in Stage III media of 
Table 1 are 53, 29, 11, 3.6, and 3.6, respectively. Nemeth (1981) 
tested the capacity of several rare synthetic auxins on in vitro root 
induction in apple rootstocks, and found that 2-ehloro-3-(2,3-dichloro- 
phenyDpropionitrile (CDPPN) applied at 5 pM was the most effective and 
produced up to 90% more roots than IBA which was the most effective 
common auxin in root induction of apple shoots. 

Since the developing young shoots are a rich source of auxin produc¬ 
tion, the addition of exogenous auxin to Stage III media becomes unne¬ 
cessary in many species (Hasegawa, 1980; Lee et al., 1977; Meredith, 
1979; Papachatzi et al., 1981). When the auxin concentration is too 
high, callus will form at the shoot base which inhibits normal root 
development (Lane, 1979a), Another reason that too high an auxin 
level in Stage III media is undesirable is that the phase after root 
initiation, the "root elongation" phase, is very sensitive to auxin 
concentration, and will be inhibited by it high concentrations (Thimann, 
1977). In order to provide the hard-to-root apple rootstocks a stror^ 
root induction stimulus, as well as, to avoid callusing and root growth 
inhibition, a two phase procedure was adopted for Stage III culture 
(James and Thurbon, 1979, 1981; Snir and Erez, 1980). The shoots 
were first cultured in an auxin containing "root initiation medium" for 
4-8 days, then transferred to an auxin-free "root developing medium." 
This procedure effectively prevented callus formation, resulted in a 95% 
rooting, and led to a three-fold increase in root number, per rooted 
culture, compared to those in continuous contact with auxin. To 
stimulate root induction, Kusey et al. (1980) predipped the base of in 
vitro produced Gypsophila shoots in a 0.13 mM NAA or 0.12 mM IBA 
solution for 5 sec. and then transferred them into hormone-free White's 
medium for root initiation and development. A 48 hr soaking in an 
11.0 jiM NAA solution before being transferred to White's medium, suc¬ 
cessfully induced root formation in Eucalyptus citriodora (Gupta et al., 
1981). 

Five percent of the Stage III media listed in Table 1 were supple¬ 
mented with GA. According to Pennazio, GA significantly improved the 
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rooting percentage of potato meristem cultures (Pennazio and Redolfi, 
1973; Pennazio and Veeehiati, 1976). Mosella Chancel et al. (1981), on 
the other hand, observed a suppressive effect by GA on the induction 
phase of in vitro peach rooting. 

Auxin Synergists. The capacity of phenolic compounds to act as 
auxin synergists in the rooting process is weU known, although the 
mode of action remains obscure. The difficulty in inducing in vitro 
rooting in woody fruit species led Jones to explore the phenolics and 
he obtained satisfactory results with phloroglucinol (PG) (Jones and 
Hatfield, 1976). Subsequently, the in vitro root inducing capacity of 
phenolics was demonstrated in apple rootstocks (James and Thurbon, 
1979), Fragaria (James, 1979), Prunus insititia (Jones and Hopgood, 
1979), P. peraica (Mosella Chancel et al., 1980), and Rijdms (James, 
1979). With the exception of Prums persica, all of these species 
responded to PG. However, the in vitro rooting percentage of P. 
persica (peach) improved greatly by the phenolics rutin and quercetin 
(Mosella Chancel et al., 1980). 

According to Mosella Chancel et al. (1980) phenolics specifically act 
on the middle phase, the "initiation phase" of rhizogenesis. James and 
Thurbon (1981) reported that the presence of PG during the shoot proli¬ 
feration stage (Stage H) significantly promoted root formation when 
measured as rooting percentage or number of roots per shoot in Stage 

m. 

It appears that a given phenolic compound will show synergistic 
effect only with certain auxins. No synergistic effect between PG and 
non-indole auxin NAA was detected by James (1979). Mosella Chancel 
et al. (1980) found that rutin and quercetin combine best with lAA and 
NAA, respectively. 

Salt Concentration. B5, LS, MS, and NN (see Table 1) media are aU 
high N, P, and K salt media. Sometimes roots are unable to initiate in 
such high salt concentration regardless of the types of hormone pre¬ 
sent. When the salt concentration in the medium is lowered to one- 
half, one-third, or one-fourth of the standard strength, rooting becomes 
abundant (Kartha et al., 1974a, 1981b; Lane, 1979b; Skirvin and Chu, 
1979). Successful rooting of Eucdyptus citriodora (Gupta et al., 1981) 
and Gypsophila paniculata (Kusey et al., 1980) was accomplished by 
transferring the in vitro produced shoots from Stage II MS high salt 
medium to the low salt WH medium. 

Although lower salt concentration in a medium may be beneficial to 
root induction, it sometimes results in poor top growth. Wang (1978) 
observed that a one-ninth strength of MS medium stimulated 100% root¬ 
ing in Cryptomeria japmica, but resulted in poor shoot growth. A 
one-third strength of MS medium, on the other hand, resulted in 87% 
rootii^ with good top growth. Although Gupta et al. (1981) 
successfully rooted Eucalyptus citriodora after trankerring shoots from 
MS to WH medium, the rooted shoots failed to survive on this low salt 
medium and the leaves gradually turned yellow and dropped off. If the 
plants were transferred within two weeks, just after the emergence of 
the first roots, back into MS liquid mediiun, the yellowish leaves turned 
green and a well developed root system was formed. 
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Readers are referred to Table 1 for the list of plant species rooted 
successfully when salt concentrations were lowered in Stage in media. 

Carrier Material. About nine-tenths of the Stage in media use agar 
as the carrier material to solidify the medium for supporting root 
growth. Physiologically, agar is not a completely inert material, and is 
a source of various types of substances w'hich may affect growth. 
Agar, thus, may result in poor root growth in certain sensitive species. 
Lane (1979b) reported rooting inhibition in Spirea and Prunus when 
0.636 agar was used. Kitto and Young (1981) oteerved an inverse rela¬ 
tionship between the rooting ability and agar concentration in carrize 
citrange cultures. In addition to the presence of possible growth 
inhibiting substances, the reason for poor rooting in agar medium may 
also be due to poor aeration and a slow rate of diffusion of the toxic 
metabolic wastes released by growing tissue. Two methods are com¬ 
monly used to circumvent the inhibitory effect of agar medium: (a) 
supplementing fine powder of activated charcoal (AC) to the agar 
medium? and (b) using a liquid and filter-paper-bridge system in place 
of agar. 

AC may absorb toxic substances in the medium, thereby improving 
root regeneration and development (Ziv, 1979; Takayama and Misawa, 
1980). AC may also absorb residual cytokinin from Stage n medium. 
Takayama and Misawa (1980) reported an inhibition of root formation of 
Lilium by BA. Such inhibition was completely reversed by addition of 
AC. Root formation and growth were even better in BA-free medium 
containing AC than in medium without AC. AC is also capable of 
shading in vitro roots from light which, in high intensity, may inhibit 
root growth. 

Liquid media are used in approximately 1235 of the Stage HI cultures 
listed in Table 1. It facilitates the free diffusion of toxic plant wastes. 
In combination with filter-paper-bridge system, it also provides excel¬ 
lent aeration for root development. Its drawback is the amount of 
labor involved in preparing the bridge. It is not recommended unless 
agar or agar+AC media have proved to be unsatisfactory. 

Polyurethane foam and vermieulite were used with satisfactory results 
as substitutes for high cost agar in Stage HI media (McComb and New¬ 
ton, 1981; Barnes, 1979). The use of liquid media with a vermieulite 
substrate for support and aeration in watermelon culture resulted in a 
significantly superior root system, with better branches and extensive 
root-hairs, than when grown on 0.4-1.286 agar (Barnes, 1979). Addition¬ 
ally, there was less damage to the roots when removed from the vermi- 
culite during transplanting than from agar and better explant survival 
after transplanting. 


JUVENmiY. For the hard-to-root species, especially the forest trees, 
the age of the plant plays a significant role in root regenerating capa¬ 
city. deFossard et al. (1974b) observed that root development of Euca¬ 
lyptus grandis nodal cultures was most frequent when explants were ob¬ 
tained from the basal end of the seedlings. Ihe rooting data from the 
base cotyledon node to the apex were 21, 21, 11, 6, and 0 per 36 
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buds, respectively, Wang and Hu (unpublished) experienced a sporadic 
rooting in shoots resulting from bud cultures of a 5-year-old Sasscfras 
rmdaiense tree, whereas the rooting of shoots resulting from embryo 
cultures of the same species was essentially 100*. In mieropropagation 
of EucdlypitiLS citriodora, Gupta et al. (1981) reported a higher auxin 
(10.0 (iM) requirement for rooting bud explants of a 20-year-old tree 
compared to 5.0 nM for seedling bud explants. 

It is known that the subculturing process may change the physiologi¬ 
cal state and gradually rejuvenate the explants. Some of the juvenile 
characteristics were induced from the ex-buds of an adult clone of Vitis 
vinifera after two to three subcultures (Mullins et al., 1979). Rooting 
percentage increased from 10* in the primary cultures to 60* in the 
second and subsequent subcultures of the bud cultures of a 100-year-old 
Tectora grandis tree (Gupta et al., 1981), whereas the percentage of 
rooting from seedling explants was eonsistantly over 80*. In bud cul¬ 
tures of 20-year-old Eucalyptus citriodora trees, Gupta et al. (1981) 
reported that none of the Stage HI treatments resulted in root forma¬ 
tion in either the initial explants or in the first three subcultures. 
However, 35-40* of the shoots rooted at the fourth subculture. In the 
fifth and subsequent passages the percentage of rooting was about 45- 
50*. These reports clearly indicate that subculturing may modify the 
physiological state of the mature plant tissues and result in a return of 
some characteristics associated with juvenility. Subculturing thus may 
make root induction progressively easier. 


INCOBATING CONDITIONS. As with the previous stages, few experi¬ 
ments have been designed to reveal the effects of incubating environ¬ 
ments on root regeneration. 

In general, high light intensity supports better plant formation (Bhoj- 
wani, 1980a; Ziv, 1979). Increased light intensity results in consider¬ 
able culture growth, thus producing plantlets which could be success¬ 
fully transferred to pots. Care should be taken, though, that the high 
intensity light does not directly impinge on the roots due to its 
inhibitory effect on root growth. Improved root growth was reported 
when the culture containers were wrapped with aluminum foil (Hennen 
and Sheehan, 1978) or 0.3* AC was added to the medium (Ziv, 1979). 
Light intensity used in this stage usually is within a 0.54 to 10 klx 
range. 

A majority of investigators adopt the same incubating temperature as 
used in the previous stages. Schnabdrauch and Sink (1979) reported 
that rooting of shoot tip cultures of Phlox spp. could be hastened if 
the primordia development was promoted at 30 C for one week before 
being transferred to 22 C for root elongation. 


Planting-Out 

After rooting, the in vitro regenerated plantlets are ready to be 
transferred from the aseptic containers into pots. Factors that should 
be considered in transplantation are infections and desiccation. Steril- 
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izing the soil mixture eliminates serious infection problems. Desicca¬ 
tion usually is the last major block to be conquered in order to reach 
the goal of micropropagation. Excessively high water loss was 
recorded from the leaves of plants immediately after transplanting 
(Brainerd and Fuchigami, 1981). Such a high rate of water loss is 
related to; (a) the reduced quantities of epicuticular wax (Grout and 
Aston, 1977; Sutter and Langhans, 1979), (b) the high volume of 
mesophyll intercellular spaces (Brainerd et al., 1981), and (e) the 
slowness of stomatal response to water stress (Brainerd and Fuchigami, 
1981). lb compound the problem, the xylem tissue in the regenerated 
plants formed a closed system across the base of the shoot prior to 
root formation. The de novo formed roots, arising from caUus, have 
poor connections to the main vascular system of the shoot (Grout and 
Aston, 1977). Such a structuring is of no consequence in culture, when 
plantlets are surrounded by high humidity, but it severely restricts 
aeropetal water transport after transplantation. "Thansplant shock," 
thus results, which lea^ to tip dieback or death of the plantlets. 

A period of humidity acclimatization is, therefore, required for the 
newly transferred plantlets to adapt to the outside environment. Dur¬ 
ing acclimatization, humidity is gradually reduced over a period of 2-3 
weeks. In the meantime, the plantlets undergo morphological and 
physiological adaptations enabling them to develop typical terrestrial 
plant water control (Grout and Aston, 1977; Brainerd and Fuchigami, 
1981). 

Lane (1979c) maintained the newly transferred Bartlett pear plantlets 
under a mist bed in the greenhouse for 2 weeks for hardening. The 
subsequent growth in the greenhouse proceeded at the same rate as 
seed derived plants. He established 500 plants in soil in this fashion. 
Barnes (1979) attempted to maintain high humidity for the newly trans¬ 
ferred watermelon plantlets under intermittent mist. The resulting 
explant survival rate was poor. He subsequently found that plantlets 
could be successfully established in the greenhouse by covering with a 
clear plastic cup to maintain high humidity. The cups were partially 
lifted one week later and tilted to allow air circulation, and later 
removed for 5-6 hr daily. The cups were then completely removed 
from those plantlets which exhibited vigorous growth and a lack of 
wilting. Broome and Zimmerman (1978) obtained 60% survival rate with 
blackberry by growing plantlets under inverted glass jars for 1-3 weeks. 
It is interesting to note that acclimatization can be achieved with 
direct low humidity exposure. Brainerd and Fuchigami (1981) left apple 
plantlets in the Stage HI culture jars with lids removed in a room with 
a 30-40% relative humidity. To prevent drying of the medium, 10 ml of 
distilled water was added daily. After the lids were opened for 5-6 
days, 80% of the stomata of leaves closed within 15 min.—the same 
rate as the greenhouse grown plants. 


FUniRE PROSPECTS 

Major breakthroughs have been accomplished in micropropagation of 
woody fruits and, to a lesser extent, other woody species. The picture 
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of in vitro prop^ation in tree species is starting to emerge, but the 
details of the technique are still far from clear. Because of the long 
breeding cycle and few feasible conventional cloning methods available, 
without doubt, the in vitro propagation technique will become the 
method of the future for cloning desirable genotypes of forest, ornamen¬ 
tal, and fruit trees. Although most woody species are recalcitrant in 
nature and working with them frequently results in frustration, we 
believe that the potential future rewards in this area will be too great 
to shy away from. We, therefore, strongly urge plant cell culture 
workers to devote efforts into this neglected area. 

In vitro micropropagation is an extremely space saving propagation 
method (Boxus et al., 1977; Wang and Hu, 1982). The equipment and 
supplies for setting up a culture laboratory are not expensive. Despite 
these advantages, commercial adoption of this technique in urban areas 
is still limited to a few types of ornamental plants, even though cul¬ 
ture requirements for many additional economically valuable plant 
groups are already available. This is mainly due to the intensive 
skilled labor required for subculturing the Stage II propagules and in 
transferring individual shoots or plantlets into and out of Stage III cul¬ 
ture containers. The production costs, therefore, can not compete with 
the conventional propagation methods in the majority of ornamental and 
vegetable crops. In order to cut down the production costs, the 
development of a certain degree of automation in Stage II and III is 
essential. 

It is evident that little effort has been directed to reveal the effects 
of incubation conditions on various phases of in vitro plant growth. 
The limited available data, nevertheless, suggests that sizeable poten¬ 
tial gains can be made when optimal temperature, photoperiod, light 
intensity, and light quality levels have been identified. Experiments of 
these types are prohibitive mainly by the requirement for large numbers 
of expensive environmental control units. With the potential applica¬ 
tions of plant tissue culture to genetic engineerii^ and crop improve¬ 
ment, numerous industrial firms are investing in this field. Without 
doubt, the identification of the optimal incubation conditions is of cru¬ 
cial importance in culturing plant materials on an industrial scale. 
Hopefully, with the financial support from these industries, advances 
can be made in this neglected area of plant tissue culture. 

It is important to be aware that in vitro cultures do not always 
produce pathogen-free plants. Large tips are frequently used by the 
commercial growers to propagate their plants. In such eases, if the 
source plants happened to be infected, the disease would spread in the 
clonal progenies. This probably is the case in the orchid industry. 
Before in vitro "merieloning" was developed, orchid viruses were a 
minor problem. However, orchid viruses are now generally widespread 
and becoming a costly problem. Obviously, "merieloning" of orchids 
without adequately carrying out virus indexing has resulted in efficient 
virus transmission. Since in no case is the meristem culture 100% 
effective in producing virus-free plants from infected plants, a rigid 
virus indexing must be used to test in vitro regenerated plants. 

This work was supported in part by grants from National Science 
Ckjuneil, Commission on Rural Reeonstration (ROC), and funds from the 
ART program of William Paterson College of New Jersey, 



218 Basic Techniques of Plant Cell Culture 

KEY REFERENCES 

Anderson, W.C. 1980. Mass [x-opagation by tissue culture: Principles 
and practices. In: Proceedings Conference on Nursery Production of 
Fruit Plants 'Rwough Tissue Culture-Applications and Feasibility. 
SEA, Agri. Res. Results, N.E. Series No. 11, pp. 1-10. LBDA, Belts- 
ville. 

Kartha, K.K. 1981. Meristem culture and cryopreservation—Methods and 
application. In: Plant Tissue Culture (TA. Thorpe, ed.) pp. 181-211. 
Academic Press, New York. 

Murashige, T, 1974. Plant fwopagation through tissue cultures. Annu. 
Rev. Plant Physiol. 25:135-166. 

Wang, P.J. and Hu, C.Y. 1980. Regeneration of virus-free plants 
through in vitro culture. In: Advances in Biochemical Engineering, 
Vol. 18, Plant Cell Cultures n (A. Fiechter, ed.) pp. 61-99. Springer- 
Verle^, Berlin, Heidelberg, New York. 


REFERENCES 

Adams, R.M., II, Koenigsberg, S.S., and Langhans, R.W. 1979. In vitro 
propagation of Cephalotus follicularis (Australian pitche plant). 
HortScience 14:512-513. 

Altman, A. and Goren, R. 1974. Growth and dormancy cycles in Citrus 
bud cultures and their hormonal control. Physiol. Plant. 30:240-245. 

Ancora, G., BeUi-Donini, MX., and Cuozzo, L. 1981. Globe artichoke 
plants obtained from shoot apices through rapid in vitro micropropa¬ 
gation. Sci. Hort. 14:207-213. 

Anderson, W.C. 1978. Rooting of tissue cultured rhododendrons. Proc. 
Int. Plant Prop. Soe. 28:135-139. 

_ 1975. Propagation of rhododendrons by tissue culture: Part I. 

Development of culture medium for multiplication of shoots. Proc. 
Int. Plant Prop. Soc. 25:129-135. 

Atanassov, AJ. 1980. Method for continuous bud formation in tissue 
cultures of sugar beet {Beta vulgaris L.). Z. Pflanzenzuchtg. 84:23- 
29. 

Baker, P.K. and Phillips, D.J. 1962. Obtaining pathogen-free stock by 
shoot tip culture. Phytopathol. 52:1242-1244. 

Barlass, M., Grant, W.J.R., and Skene, K.GJW. 1980. Shoot regeneration 
in vitro from native Australian fruit-bearing trees—Quandong and 
plum bush. Aust. J. Bot. 28:405-409. 

Barnes, LJR. 1979. In vitro propagation of watermelon. Sci. Hort. 
11:223-227. 

Barnett, O.W., Gibson, P.B., and Sepo, A, 1975. A comparison of heat 
treatment and meristem-tip culture for obtaining virus-free plants of 
Trifolium repens. Plant Dis. Rep. 59:834-837. 

Bayliss, M.W. 1973. Origin of chromosome number variation in cultured 
plant cells. Nature 246:529-530. 

Ben-Jaacov, J. and Dax, E. 1981. In vitro propagation of Grevillea 
rosmarinifolia. HortScience 16:309-310. 



Meristem, Shoot Tip, and Bud Cultures 


219 


Bhojwani, S.S. 1980a. Micropropagation method for a hybrid willow 
(Salix matsudana x alba NZ-1002). New Zealand J. Bot. 18!209-214. 

_ 1980b. In vitro propagation of garlic by shoot proliferation. 

Sci. Hort. 13:47-52. 

Borkowska, B. and Powell, LJ!. 1979. The dormancy status of apple 
buds as determined by an in vitro culture system. J. Am. Soc. Hort. 
Sci. 104:796-799. 

Boxus, Ph., Quoirin, M., and Laine, J.M. 1977. Large scale propagation 
of strawberry plants from tissue culture. In: Applied and 
Fundamental Aspects of Plant Cell, Tissue, and Organ Culture (J. 
Reinert and YJ.S. Bajaj, eds.) pp. 130-143. Springer-Verlag, Berlin, 
Heidelberg, New York. 

Brainerd, KJE. and Fuchigami, L.J. 1981. Acclimatization of aseptieally 
cultured apple plants to low relative humidity. J. Am. Soc. Hort. 
Sci. 106:515-518. 

Brainerd, KJS., Fuchigami, LJI., Kwiatkowshi, S., and Clark, C.S. 1981, 
Leaf anatomy and water stress of aseptieally cultured "Pixy" plum 
grown under different environments. HortScience 16:173-175. 

Broadbent, LJI. 1965. The epidemiology of tomato mosaic. XI. Seed 
transmission of TMV. Ann. Appl. Biol. 56:177-205, 

Broome, O.C. and Zimmerman, RH. 1978. In vitro propagation of 
Blackberry, HortScience 13:151-153. 

Chaturvedi, H.C., Sharma, A,K., and Prasad, RJl. 1978. Shoot apex 
culture of Bougainvillea glabra "Magnifica". HortScience 13:36. 

Coleman, W.K. and Thorpe, T.A. 1978. In vitro culture of western red 
cedar (Thuja plicata), n. Induction of male strobili from vegetative 
shoot tips. Can. J. Bot. 56:557-564. 

Cresswell, R. and Nitsch, C. 1975. Organ culture of Eucalyptus grand- 
is. Plants 125:87-90. 

Csinos, A. and Hendrix, W. 1977. Toxin produced by Phytopbythora 
cryptogea active on excised tobacco leaves. Can. J. Bot. 55:1156- 
1162. 

Culafie, L. 1973. Induction of flowering of isolated Spinacia oleracea 
L. buds in sterile culture. Bull, DeL’ Institut et du Jardin Botani- 
ques de LUniversite de Beograd 53-56. 

Dale, P.J. 1975. Meristem tip culture in Lolium multiflorim. J. Exp. 
Bot. 26:731-736. 

_ 1977a. The elimination of ryegrass mosaic virus from Lolium 

mult^orum by meristem tip culture. Ann. Appl. BioL 85:93-96. 

_ 1977b. Meristem tip culture in Lolium, Festuca, Phleum and 

Dactylis. Plant Sci. Lett. 9:333-338. 

_ 1979. The elimination of cocksfoot streak virus, cocksfoot mild 

mosaic virus and cocksfoot mottle virus from Dactylis glomerata by 
shoot tip and tiller bud culture. Ann, Appl, BioL 93:285-288. 

_ 1980. A method for in vitro storage of Lolium multiflorum. 

Ann, Bot. 45:497-502. 

deFossard, R.A., Myint, A., and Lee, E.CJW. 1974a. A broad spectrum 
tissue culture experiment with tobacco (Nicotiona tabacum) callus. 
Physiol. Plant. 30:125-130. 

deFossard, RJ^i., Nitsch, C., Cresswell, R.J., and Lee, E.CJM. 1974b. 
Tissue and organ culture of Eucalyptus. New Zealand J. For. Sci. 
4:267-278. 



220 Basie Techniques of Plant Cell Culture 

Dudits, D., Nemeth, G., and Haydu, Z. 1975. Study of caUus growth 
and organ formation in wheat Triticum aesti\um tissue culture. Can. 
J. Bot. 53:957-963. 

Earle, E.D. and Langhans, R.W. 1974a. Propagation of Chrysanthemum 
in vitro. I. Multiple plantlets from shoot tips and the establishment 
of tissue culture. J. Am. Soc. Hort. Sci. 99:128-132. 

_ 1974b. Propagation of Chrysanthemum in vitro, n. Production, 

growth and flowering of plantlets from tissue cultures. J. Am. Soc. 
Hort. Sci. 99:352-358. 

Edallo, S., Zuechinali, C., Petenzin, M., and Salamini, F. 1981. Chro¬ 
mosomal variation and frequency of spontaneous mutation associated 
with in vitro culture and plant regeneration in maize. Maydica 26: 
39-56. 

Evans, DA. 1981. Soybean tissue culture. Soybean Genetics Newslet¬ 
ter 8:27-29. 

Fedotina, VX. and Krylova, N.V. 1976. Ridding tobaccos of the myco- 
plasmic infection big bud by the method of tissue culturing. Dokl. 
Bot. Sci. 228:49-51. 

Gamborg, OJj. and Eveleigh, D.E. 1968. Culture methods and detection 
of gluconates in suspension cultures of wheat and barley. Can. J. 
Biochem. 46:417-421. 

Gamborg, OX., Miller, RJl., and Ojima, K. 1968. Nutrient requirements 
of suspension cultures of soybean root cells. Exp. Cell Res. 50:151- 
158. 

Gresshoff, P.M. and Doy, CJl. 1972. Development and differentiation of 
haploid Lycopersicm esculentum (tomato). Planta 107:161-170. 

Grout, B.W.W. and Aston, M.J. 1977. Transplanting of cauliflower plants 
regenerated from meristem culture. I. Water loss and water transfer 
related to changes in leaf wax and to xylem regeneration. Hort. 
Res. 17:1-7. 

Grout, B.W.W. and Henshaw, G.G. 1978. Freeze preservation of potato 
shoot-top cultures. Ann. Bot. 42:1227-1229. 

Gupta, P.K., Mascarenhas, AX., and Jagannathan, V. 1981. Tissue cul¬ 
ture of forest trees—Clonal propagation of mature trees of Eucalyptus 
citriodora Hook, by tissue culture. Plant Sci. Lett. 20:195-201. 

Gupta, P.K., Nadgir, A.L., Mascarenhas, AX., and Jagannathan, V. 1980. 
Tissue culture of forest trees; Clonal multiplication of Tectona 
grandis L. (teak) by tissue culture. Plant Sci. Lett. 17:259-268. 

Haines, R.J. and deFossard, R.A. 1977. Propagation of hoop pine 
(Araucaria cunninghamii Ait.) by organ culture. Acta Hort. 78:297- 
302. 

Harper, P.C. 1978. Tissue culture propagation of blackberry and tay- 
berry. Hort. Res. 18:141-143. 

Hartney, V.J. and Barker, P.K. 1980. The vegetative propagation of 
Eucalyptus by tissue culture. Paper presented at IVFRO Symposium 
and Workshop on Genetic Improvement and Productivity of Fast-Grow¬ 
ing Thee Species. August, 1980, Sau Paulo, Brazil. 

Hasegawa, P.M. 1979. In vitro propagation of rose. HortScience 14: 
610-612. 

Hasegawa, P.M. 1980. Factors affecting shoot and root initiation from 
cultured rose shoot tips. J. Am. Soc. Hort. Sci. 105:216-220. 



Meristem, Shoot Tip, and Bud Cultures 221 

Hasegawa, P.M., Murashige, T., and Takatori, FJH. 1873. Propagation of 
Aspcragus through shoot apex culture, n. Light and temperature 
requirements, transplantability of plants, and cyto-^iistological charac¬ 
teristics. J. Am. Soc. Hort. Sci. 98:143-148. 

Haskins, RJl. and Kartha, K.K. 1980. Freeze preservation of pea meri- 
stems; Cell survival. Can. J. Bot. 58:833-840. 

Hennen, GJl. and Sheehan, T.J. 1978. In vitro propagation of Platy- 
cerium stemaria (Beauvois) Desv. HortScienee 13:245. 

Henny, R.J. 1978. In vitro propagation of Peperomia "Red Ripple" from 
leaf discs. HortScienee 13:150-151. 

HoUings, M. and Stone, O.M. 1968. Techniques and problems in the 
production of virus-tested plant material. Sci, Hort. 20:57-72. 

Hu, C.Y. 1979. Propagation of Sassafras randaiense (Hay.) Rehd. Tai¬ 
wan For. J. 5:30-31 (in Chinese). 

Huang, S.-C. and Millikan, D,F. 1977. Production of apple plantlets by 
tip meristem culture. Tl'ans. Mo. Acad. Sci. 10, 11:2^ (abstract). 

_ 1980. In vitro micrografting of apple shoot tips. HortScienee 

15:741-743. 

Ichihashi, S. and Kako, S. 1977. Studies on clonal propagation of 
Cattleya through tissue method, n. Browning of Cattleya. J. Jap. 
Soc. Hort. Sci. 46:325-330. 

Jacoli, G.G. 1978. Sequential degeneration of mycoplasma-like bodies 
in plant tissue culture infected with aster yellows. Can. J. Bot. 
56:133-140. 

James, D.J. 1979. Tlie role of auxins and phloroglucinol in adventitious 
root formation in Rulxis and Fragaria grown in vitro. J. Hort. Sci. 
54:273-277. 

_ and Tliurbon, I.J. 1979, Rapid in vitro rootii^ of the apple 

rootstock M,9. J. Hort. Sci. 54:309-311. 

_ and Ihurbon, I.J. 1981. Shoot and root initiation in vitro in 

apple rootstock M.9 and the promotive effects of jAiloroglucinol. J. 
Hort. Sci. 56:15-20. 

Johnson, B.B. 1978. In vitro propagation of Episcia cupreata. Hort- 
Science 13:596. 

Jones, O.P. and Hopgood, M.E. 1979. The successftil propagation in 
vitro of two rootstocks of Primus: The plum rootstock Pixy (P, 
insititia) and the cherry rootstock F12/1 (P. avium). J. Hort. Sci. 
54:63-66. 

_, and O'Ferrell, D. 1977. Propagation in vitro of M.26 apple 

rootstocks. J. Hort. Sci. 52:235-238. 

Kaiser, W.J, and Teemba, L.R. 1979. Use of tissue culture and thermo- 
therapy to free East African cassava cultivars of African cassava 
mosaic and cassaava brown streak disease. Plant Dis. Rep. 63:780- 
784. 

Kartha,' K.K. and Gamborg, O.L. 1975. Elimination of cassava mosaic 
disease by meristem culture. Phytopathol. 65:826-828. 

_ 1978. Meristem culture techniques in the production of disease- 

free plants and freeze-preservation of germplasm of tropical tuber 
crops and grain legumes. In: Diseases of 'fropieal Food Crops (H. 
Maraite and J.A. Meyer, eds.) pp. 267-283. Uhiversite Catholique de 
Louvain, Belgium. 



222 


Basie Techniques of Plant Cell Culture 


_ , and Constabel, F. 1974a. Regeneration of pea [Pisuw sativum 

L.) plants from shoot apical meristems. Z. Pflanzenphysiol, 72:172- 
176. 

_, Constabel, F., and Shyluk, J.P. 1974b. Regeneration of Cas¬ 
sava plants from apical meristems. Plant Sci. Lett. 2:107-113. 

Kartha, K.K., Champoux, S., Gamborg, O.L., and Pahl, K. 1977. In 
vitro propagation of tomato by shoot apical meristem culture. J. 
Am. Soc. Hort. Sci. 102:346-349. 

Kartha, K.K., Gamborg, O.L., and Leung, N.L. 1979. Freeze-preserva¬ 
tion of pea meristems in liquid nitrogen and subsequent plant regen¬ 
eration. Plant Sci. Lett. 15:7-15. 

Kartha, KJC., Leung, N.L., and Pahl, K. 1980. Cryopreservation of 
strawberry meristems and mass propagation of plantlets. J. Am. Soc. 
Hort. Sci. 105:481-484. 

Kartha, K.K., Mroginski, L.A., Pahl, K., and Leung, N.L. 1981a. Germ- 
plasm preservation of coffee {Coffea arabica L.) by in vitro culture of 
shoot apical meristems. Plant Sci. Lett. 22:301-307. 

Kartha, K.K., Pahl, K., Leung, N.L., and Mroginski, L.A. 1981b. Plant 
regeneration from meristems of grain legumes: Soybean, cowpea, 
peanut, chickpea, and bean. Can. J. Bot. 59:1671-1679. 

Kassanis, B. 1957. The use of tissue cultures to produce virus-free 
clones from infected potato varieties. Ann. Appl. Biol. 45:422-427. 

_ and Varma, A. 1967. The production of virus-free clones of 

some British potato varieties. Ann. Appl. Biol. 59:447-450. 

Kehr, AJl. and Schaeffer, G.W. 1976. Tissue culture and differentiation 
of garlic. Hort. Sci. 11:422-423. 

Kiss, F. and Zatyko, J. 1978. Vegetative propagation of Rubus species 
in vitro. Bot. Kozlem. 65:65-69. 

Kitto, S.L. and Young, M.J. 1981. In vitro propagation of Carrizo cit- 
range. HortScience 16:305-306. 

Knauss, JJ. 1976. A tissue culture method for producing Dieffenbachia 
picta ev. Perfection free of fungi and bacteria. Proc. Fla. State 
Hort. Soc. 89:293-296. 

Koda, Y. and Okazawa, Y. 1980. Cytokinin production by Asparagus 
shoot apex cultured in vitro. Physiol. Plant. 49:193-197. 

Koevary, K., Rappaport, L., and Morris, L.L. 1978. Tissue culture 
propagation of head lettuce. HortScience 13:39-41. 

Kunisaki, J.T. 1980. In vitro propagation of Anthurium andreanum Lind. 
HortScience 15:508-509. 

Kuo, C.G. and Usay, J.S. 1977. Propagation of Chinese cabbage by 
axiUary bud culture. HortScience 12:459-460. 

Kusey, W.E., Jr., Jammer, P.A., and Weiler, T.C. 1980. In vitro propa¬ 
gation of Gypsophtta paniculata L. "Bristol Fairy." HortScience 
15:600-601. 

Lane, W.D. 1979a. The Influence of growth regulators on root and 
shoot initiation from flax meristem tips and hypocotyls in vitro. 
Physiol. Plant. 45:260-264. 

_ 19 79b. In vitro propagation of Spirea bumalda and Prumis cis- 

tena from shoot apices. Can. J. Plant Sci. 59:1025-1029. 

_ 1979e. Regeneration of pear plants from shoot meristemrtips. 

Plant Sci. Lett. 16:337-342. 



Meristem, Shoot Tip, and Bud Cultures 223 

Langhans, R.W., Horst, R.K., and Earle, E.D. 1977. Disease-free plants 
via tissue culture propagation. HortScience 12:149-150. 

Lee, C.W., Skirvin, R.M., Soltero, AJ., and Janiek, J. 1977. Tissue cul¬ 
ture of Salpiglossis simata L. from leaf discs. HortScience 12:547- 
549. 

Lester, D.T. and Berbee, J.G. 1977. Within-clone variation among black 
poplar trees derived from callus culture. For. Sci. 23:122-131. 

Linsmaier, E,M. and Skoog, F. 1965. Organic growth factor requirement 
of tobacco tissue culture. Physiol. Plant. 18:10(}-127. 

Litz, RJE. and Conover, R.A. 1978. In vitro propagation of papaya. 
HortScience 13:241-242. 

Lloyd, G. and McCown, B. 1980. Commercially feasible micropropaga¬ 
tion of mountain laurel, Kalmia latifolia, by use of shoot-tip culture. 
Proc. Int. Plant Prop. Soc. 30:421-427. 

Lo, O.F., Chen, C.J., and Ross, J.G. 1980. Vegetative propagation of 
temperate foliage grasses through callus culture. Crop Sci. 20:363- 
367. 

Lundergan, C. and Janiek, J. 1979. Low temperature storage of in 
vitro apple shoots. HortScience 14:514. 

_ 1980. Regulation of apple shoot proliferation and growth in 

vitro. Hort. Res. 20:19-24. 

Mahlderg, P.G., Turner, F.R., Walkinshaw, C., Venketeswaran, S., and 
Mehrotra, B. 1975. Observations on incomplete cytokinesis in callus 
cells. Bot. Gaz. 136:189-193. 

McComb, J.A. and Newton, S. 1981. Propagation of Kangaroo paws 
using tissue culture. J. Hort. Sci. 56:181-183. 

McCown, B. and Amos, R. 1979. Initial trials with commercial micro¬ 
propagation of birch selections. Proc. Int. Plant Prop. Soc. 29:387- 
393. 

McGrew, J.R. 1980. Meristem culture for reproduction of virus-free 
strawberries. In: Proceedings Conference on Nursery Production of 
Fruit Plants Through Tissue Culture—Application and Feasibility. 
SEA, Agri. Res. Results, NJE. Series No. 11, pp. 80-85. USDA, 
Belts ville. 

MeUor, F.C. and Stace-Smith, R. 1969. Development of excised potato 
buds in nutrient medium. Can. J. Bot. 47:1617-1621. 

_ 1977. Virus-free potatoes by tissue culture. In; Applied and 

Fundamental Aspects of Plant Cell, Tissue and Organ Culture (J. 
Reinert and Y.P.S. Bajaj, eds.) pp. 616-637. Springer-Verlag, Berlin. 

Meredith, CJ. 1979. Shoot development in established calli cultures of 
cultivated tomato {Lycopersicon asculentum Mill.). Z. Pflanzenphysiol. 
95:405-411. 

Miller, C.O. 1963. Kinetin and kinetin-like compounds. In; Modern 
Methods of Plant Analysis, Vol. 6 (HJ. Linskens and M.V. Ti-acey, 
eds.) pp. 194-202. SE»inger-Verlag, Berlin. 

Minocha, S.C. 1980. CeU and tissue culture in the propagation of for¬ 
est trees. In: Plant Cell Cultures; Results and Perspectives (F. Sala, 
B. Parisi, R. CeUa, and 0. Ciferri, eds.) pp. 295-300. EIsevier/North- 
Holland Biomedical Press, Amsterdam, New York, Oxford. 

Monaco, L,C., Sondahl, M.R., Carvalho, A,, Crocomo, O.J., and Sharp, 
W.R. 1977. Applications of tissue culture in the improvement of eof- 



224 Basic Techniques of Plant Cell Culture 

fee. In: Applied and Fundamental Aspects of Plant Cell, Tissue and 
Organ Culture (J. Reinert and Y.P.S. Bajaj, eds.) pp. 109-129. 
Springer-Verlag, Berlin. 

Morel, G.M. 1960. Producing virus-free Cymbidiums. Am. Orchid Soe. 
BuU. 29:495-497. 

_ 1965. Clonal propagation of orchids by meristem culture. 

Cymbidium Soc. News 20:3-11. 

_ 1975. Meristem culture techniques for the long-term storage of 

cultivated plants. In: Crop Genetics Resources for Today and Tbmor- 
row (OJI. Frankel and J.G. Hawkes, eds.) pp. 327-332. Cambridge 
tlhiv. Press, Cambridge. 

_ and Martin, C. 1952. Guerison de dahlias attaints d'une maladie 

a virus. C. R. Acad. Sci. (Paris) 235:1324-1325. 

Mosella Chancel, L., MacHeix, J.J., and Jonard, R. 1980. Les condi¬ 
tions du mierobouturage in vitro du pecher {Prunus persica Batsch): 
Influences combinees des substances de croissanee et de divers 
composes phenoliques. Physiol. Veg. 18:597-608. 

MuUin, RJI. and Schlegel, D.E. 1976. Cold storage maintenance of 
strawberry meristem plantlets. Hort. Sci. 11:100-101. 

Mullins, M.G., Nair, Y., and Sampet, P. 1979. Rejuvenation in vitro: In¬ 
duction of juvenOe characters in an adult clone of Vitis vinifera L. 
Ann. Bot. 44:623-627. 

Murashige, T. and Skoog, F. 1962. A revised medium for rapid growth 
and bioassays with tobacco tissue cultures. Physiol. Plant. 15:473- 
497. 

Murashige, T. and Tlicker, D.PJH. 1969. Growth factor requirements of 
Citrus tissue culture. Proc. First Int. Citrus Symp. 3:1155-1161. 

Nair, N.G., Kartha, K.K., and Gamborg, OJL. 1979. Effect of growth 
regulators on plant regeneration from shoot apical meristems of Cas¬ 
sava {fionihot esculenta Crantz) and on the culture of internodes in 
vitro. Z. Pflanzenphysiol. 95:51-56. 

Navarro, L., Poistacher, CJ^., and Murashige, T. 1975. Improvement of 
shoot tip grafting in vitro for virus-free Citrus. J. Am. Soc. Hort. 
Sci. 100:471-479. 

Nemeth, G. 1979. Benzyladeninie-stimulated rootir^ in fruit-tree root¬ 
stocks cultured in vitro. Z. Pflanzenphysiol. 95:389-396. 

_ 1981. Adventitious root induction by substituted 2-ehloro- 

3phenyl-propionitriles in apple rootstocks cultured in vitro. Sci. 
Hort. 14:253-259. 

Nitsch, J.P. and Nitsch, C. 1969. Haploid plants from pollen grains. 
Science 163:85-87. 

Novak, F.J. 1981. Chromosomal characteristics of lor^-term callus cul¬ 
tures of Allium sativum L. Cytologia 46:371-379. 

Papachatzi, M., Hammer, P.A., and Hasegawa, P.M. 1981. In vitro 
propagation of Hosta decorate "Tho.mas Hogg" using cultured shoot 
tips. J. Am. Soe. Hort. Sci. 106:232-236. 

Pennazio, S. 1975. Effects of adenine and kinetin on development of 
carnation meristem tips cultured in vitro. J. Hort. Sci. 50:161-164. 

_ and Redolfi, P. 1973. Factors affecting the culture in vitro of 

potato meristem tips. Pot. Res. 16:20-29. 



Meristem, Shoot Tip, and Bud Cultures 225 

_ and Vecehiati, M. 1976. Effects of naphtaleneacetic acid on 

potato meristem tip development. Pot. Res. 19:257-261. 

_, Appiano, A., Vecehiati, M., and D'Agostino, G. 1976. Thiamine 

requirement of potato meristem tips cultured in vitro. Physiol. Veg. 
14:121-131. 

Poessel, J.-L., Martinez, J., Macheix, J.-J., and Jonard, R. 1980. Vari¬ 
ations saisonnieres de I'aptitude au greffage in vitro d’apex de Pecher 
{Prums persica, Batsch), Relations avec les teneurs en composes 
phenoliques endogenes et les activities peroxydasique et polyphenol- 
oxydasique. Physiol. Veg. 18:665-675. 

Pyott, JJj. and Converse, RJi. 1981, In vitro propagation of heat- 
treated red raspberry clones. HortScienee 16:308-309. 

Raman, K., Walden, D.B., and Greyson, RJ. 1980. Propagation of Zea 
mays by shoot tip culture: A feasibility study. Ann. Bot. 45:183-190. 

Roest, S,, and Bokelmann, G.S. 1981. Vegetative propagation of carna¬ 
tion in vitro through multiple shoot development. Sei. Hort, 14:357- 
366. 

Roggemans, J. and Claes, M.-C. 1979. Rapid clonal propagation of rhu¬ 
barb by in vitro culture of shoot-tips. Sci. Hort. 11:241-246. 

Sakai, A, and Nishiyama, Y. 1978. Cryopreservation of winter-vegeta¬ 
tive buds of hardy fruit trees in liquid nitrogen. HortScienee 13:225- 
227. 

Sakai, A., Yamakawa, M., Sakata, D., Harada, T., and Yakuwa, T. 1978. 
Development of a whole plant from an excised strawberry runner 
apex frozen to -196 C. Low Temp. Sci. Ser. BuU. 36:31-38. 

Schnabdrauch, L.S. and Sink, K.C. 1979. In vitro propagation of Phlox 
subulata and Phlox paniculata. HortScienee 14:607-608. 

Seibert, M. 1976. Shoot initiation from carnation shoot apices frozen 
to -196 C. Science 191:1178-1179. 

_ and Wetherbee, P.J. 1977. Increased survival and differentiation 

of frozen herbaceous plant organ cultures through cold treatment. 
Plant Physiol. 59:1043-1046. 

Shabde, M. and Murashige, T. 1977. Hormonal requirements of excised 
Dianthus coryophyllus L. shoot apical. Am. J. Bot. 64:443-448. 

Skirvin, R.M. and Chu, M.C. 1979. In vitro propagation of "Forever 
Yours" rose. HortScienee 14:608-610. 

_, and Rukan, H. 1979. The culture of peach, sweet and sour 

cherry, and apricot shoot tips. HI. State Hort. Soc. 113:30-38. 

_, and Gomez, E. 1981. In vitro propagation of thornless traUing 

Blackberries. HortScienee 16:310-312. 

Smith, RJl. and Murashige, T. 1970. In vitro development of isolated 
shoot apical meristems of angiosperms. Am. J. Bot. 57:562-568. 

Snir, I. and Erez, A. 1980. In vitro propagation of Mailing Merton 
apple rootstocks. HortScienee 15:597-598. 

Stevenson, JJI. and Harris, RJE. 1980. In vitro plantlet formation from 
shoot-tip explants of Fuchsia hybrida cv. Swingtime, Can, J. Bot. 
58: 2190-2199. 

Stone, O.M. 1963. Factors affecting the growth of carnation plants 
from shoot apices. Ann. Appl. Biol. 52:199-209. 

Sutter, E. and Langhans, R.W. 1979. Epieuticular wax formation on 
carnation plantlets regenerated from shoot tip culture. J. Am. Soc. 
Hort. Sei. 104:493-496. 



226 Basic Techniques of Plant Cell Culture 

Tabachnik, L. and Kester, D.E. 1977. Shoot culture for almond-peach 
hybrid clones in vitro. HortScience 12:545-547. 

Takayama, S. and Misawa, M. 1980. Differentiation in Lilium bulbscales 
grown in vitro. Effects of activated charcoal, physiological age of 
bulbs and sucrose concentration on differentiation and scale leaf for¬ 
mation in vitro. Physiol. Plant. 48:121-125. 

Theiler, R. 1977. In vitro culture of shoot tips of Pelargonium species. 
Acta Hort. 78:403-414. 

Thimann, K.V. 1977. Hormone Action in the Whole Life of Plant, Univ. 
of Massachusetts Press, Amherst. 

Thorpe, T.A. and Biondi, S. 1983. Conifers. In: Vol. 2 of this series. 
Macmillan, New York. 

Towill, LJE. 1981, Solarium etuberosum: A model for studying the cryo¬ 
biology of shoot-tips in the tuber-bearing Solanum species. Plant 
Sei. Lett. 20:315-324. 

tHrychova, M. and Petru, E. 1975. Elimination of mycoplasma in tobac¬ 
co callus tissues CVicotiona glauca Grab.) cultured in vitro in the 
presence of 2,4-D in nutrient medium. Biol. Plant. 17:103-108, 

Yine, S.J. and Jones, O.P. 1969. The culture of shoot tips of hops 
(fiumulus lupulus L.) to eliminate viruses. J, Hort. Sci. 44:281-284. 

Walkey, D.G.A, 1968. The production of virus free rhubarb by apical 
tip-culture. J. Hort. Sci. 43:283-287. 

_ 1972. Production of apple plantlets from axillary-bud meri- 

stems. Can. J. Plant Sci. 52:1085-1087. 

_ and Cooper, J. 1976, Growth of Stellaria media, Capsella 

bursa-pastoris and Senecio vulgaris plantlets from cultured meristem- 
tips. Plant Sci. Lett. 7:179-186. 

_, Neely, HJt., and Crisp, P. 1980. Rapid propagation of white 

cabbage by tissue culture. Sci, Hort. 12:99-107. 

Wang, P.J. 1977. Regeneration of virus-free potato from tissue culture. 
In: Plant Tissue Culture and its Bio-technological Application (W. 

Barz, E. Reinhard, and MJl. Zenk, eds.) pp. 386-391. Springer-Verlag, 
Berlin and Heidelberg. 

_ 1978. Clonal multiplication of Cryptomeria japonica D. Don in 

vitro. In: Studies and Essays in Commemoration of the Golden 
Jubilee of Academia Sinica, Taipei, Taiwan pp. 559-566. 

_ and Hu, C.Y. 1982. In vitro mass tuberization and virus-free 

seed potato production in Taiwan. Am. Potato J. 59:33-39. 

_ and Huang, L.C. 1974. Studies on the shoot meristem culture 

of Allium sativum L. Chinese Hort. 20:79-87. 

Waterworth, P. and Kahn, RJ*. 1978. Thermotherapy and aseptic bud 
culture of sugar cane to facilitate the exchange of germplasm and 
passage through quarantine. Plant. Dis. Rep. 62:772-776. 

Werner, E.M. and Boe, A.A. 1980. In vitro propagation of MiUiig 7 
apple rootstock. HortScience 15:509-510. 

White, P.R. 1934. Multiplication of the viruses of tobacco ancuba mo¬ 
saic in growing excised tomato roots. Phytopathol. 24:1003-1011. 

_ 1963. The Cultivation of Animal and Plant Cells, p. 59. Ron¬ 
ald Press, New York. 

Whitehead, H.CA1. and Giles, K.L. 1977. Rapid propagation of poplars 
by tissue culture methods. New Zealand J. For. Sci. 7:40-43. 



Meristem, Shoot Tip, and Bud Cultures 


227 


Wochok, Z.S. and Sluis, C.J. 1980a. Gibberellic acid promotes Atriplex 
shoot multiplication and elongation. Plant Sci. Lett. 17:363-369. 

_ 1980b. In vitro propagation and establishment of wax currant 

(Ribes inebrians). J. Hort. Sci. 55:355-357. 

Yang, Y.-W., Hsing, Y.-I., and Chang, W.-C. 1981. Clonal propagation of 
Stevia rebaudiana Bertoni through axillary shoot proliferation in 
vitro. Bot. Bull. Academia Siniea 22:57-62. 

Yie, S.T. and Liaw, SJ. 1977. Plant regeneration from shoot tips and 
callus of papaya. In Vitro 13:564-568. 

Ziv, M. 1979. Transplanting Gladiolus plants propagated in vitro. Sci. 
Hort. 11:257-260. 



0 


CHAPTER 6 

In vitro Production of Haploids 

YP,S. Bajaj 


As early as 1922 Blakeslee et al. (1922), while working with Datura 
stramonium, reported the natural occurrence of haploids. The term 
"haploid" refers to those plants which possess the gametophytic number 
of chromosomes in their sporophytes. Since this first report, the num¬ 
ber of plant species in which haploids have been reported to occur 
spontaneously by parthenogenesis or have been induced experimentally 
by various techniques has increased substantially. Following the publi¬ 
cation of extensive reviews on haploids by Kimber and Riley (1963) and 
Magoon and Khanna (1963), a tremendous amount of interest and pro¬ 
gress in the field of experimental induction of haploids in higher plants 
developed, especially in the area of in vitro induction of androgenesis 
by anther culture (Guha and Maheshwari, 1964). 

This interest in haploids stems largely from their considerable poten¬ 
tial for plant breeding (Melchers and Labib, 1970; Kasha, 1974; Reinert 
and Bajaj, 1977; Hlasnikova, 1977). Haploids may be utilized to facili¬ 
tate the detection of mutations and the recovery of unique recombi¬ 
nants. Since most mutations are recessive, they are difficult to detect 
in the presence of an unmutated dominant gene. Haploids possess only 
one set of alleles at each locus, so it is possible for recessive mutants 
to be detected. Furthermore, doubling of the chromosome number of 
haploids offers a method for the rapid production of homozygous plants, 
which in turn may be used for producing inbred lines for hybrid produc¬ 
tion. 

Haploids may be grouped into two broad categories; (a) raonoploids 
(monohaploids), which possess half the number of chromosomes from a 
diploid species, and (b) polyhaploids, which possess half the number of 
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chromosomes (gametophytic set) from a polyploid species. To go into 
the details of classification of haploids is beyond the scope of this 
article (see Kimber and Riley, 1963). However, the general term "hap¬ 
loid" is applied to any plant originating from a sporophyte and contain¬ 
ing half the number of chromosomes. 

Haploids may occur spontaneously in nature, or they may be induced 
experimentally. Spontaneous haploids occur as a result of apomixis or 
parthenogenesis. In such cases the unfertilized egg, the sperm, or the 
synergids start to grow to form a haploid plant independent of any 
experimentally applied stimulus. Induced haploids can generally be ob¬ 
tained by the stimulation of the egg, synergids, or sperm by a number 
of methods, including ionizing irradiation" and radioisotopes, thermal 
shocks, distant hybridization, delayed pollination, application of abortive 
pollen, sprayir^ with various chemicals (see Kimber and Riley, 1963; 
Magoon and Khanna, 1963), the in vitro culture of the excised anthers, 
culture of isolated pollen and protoplasts, chromosome elimination by 
culture of young embryos, and in vitro parthenogenesis. The in vitro 
methods are discussed below. 


IN VITRO METHODS FOR THE INDUCTION OF HAPLOIDS 
Anther Culture 

The technique of in vitro culture of anthers is relatively simple, 
quick, and efficient. By culturing excised anthers, (Fig. 1) haploid 
tissue or plants have been obtained in a number of species (Table 1). 

In view of the critical importance of the stage of development of the 
anther for the induction of androgenesis, it is worthwhile to mention 
the structure of the anther and the development of the pollen. An 
Angiosperm stamen (Fig. 2a) comprises a filament, connective tissue, 
and anther. A typical anther (Maheshwari, 1950) in cross section (Fig. 
2b) shows two anther lobes, and each lobe possesses two microspor¬ 
angia or pollen sacs. At maturity the two pollen sacs of each lobe 
become confluent. During mierosporogenesis in a young anther, there 
are four patches of primary sporogenous tissue which either function 
directly as pollen mother cells (PMCs) or undergo several divisions. 
The PMCs form pollen tetrads by meiosis. These are arranged in 
various patterns; tetrahedral and isobilateral are the most common. On 
secretion of a callose from the somatic tissue, the callose wall of the 
pollen tetrads dissolves and the four microspores are liberated. The 
newly released mierospore is densely cytoplasmic, with a centrally 
located nucleus. As vaeuolation occurs, the volume of the microspore 
increases rapidly. The nucleus is then displaced and pushed toward the 
periphery. At the first division (first mitosis) the mierospore nucleus 
produces a large vegetative and a small generative nucleus. The 
second mitosis, which is restricted to the generative nucleus, forms two 
sperms and takes place in either the pollen or the pollen tube. The 
mode of division of the poUen nuclei is diagrammatically represented in 
Fi^. 3a. The microspores in the mierosporangia are surrounded (from 
inside to outside) by tapetum, middle layers, endothecium, and epider- 
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Figure 1. In vitro culture of excised anthers of tobacco, undergoir^ 
androgenesis after 4 and 6 weeks, respectively. 

PROTOCOL FOR ANTHER CULTURE. Tobacco is the ideal materid 
for the induction of haploids. The immature anthers containing uni¬ 
nucleate pollen at the time of first mitosis are the most suitable 
material for the induction of androgenesis. The flower buds are 
sterilised with IX (w/v) solution of sodium hypochlorite, or 5X (v/v) 
solution of a commercially available disinfectant such as Clorox. They 
are washed a couple of times with sterile distilled water, and the 
anthers are dissected out and cultured on agar-solidified medium. The 
flower buds obtained from plants grown in greenhouses, if dissected 
carefully, need no sterilization. An excision is made on one side of 
the flower bud, and the stamens are gently squeezed out and collected 
in a sterile petri dish. Normally 5-10 anthers are inoculated in a 
culture vessel. During excision of anthers special care should be taken 
to ensure that they are not injured in any way. Damaged anthers 




Figure 2. (a) A stamen comprising filament, connective tissue and 

anther, (b) An outline of a cross section of an anther showing four 
pollen sacs containing uninucleate microspores (haploid cells). 


a 



Figure 3. Diagrammatic representation showing various modes of divi¬ 
sion of the microspores under in vivo (a) and in vitro (b, Ci, C 2 ) condi¬ 
tions (a = starch, n = nucleus, nr = generative nucleus, nv = vegetative 
nucleus, v = vacuole) (after Nitsch, 1972; courtesy of Professor E.C. 
Cocking). 

should be discarded, as they often tend to produce callus from parts 
other than the pollen. 

Basal medium of MS (Murashige and Skoog, 1962), White (1963), and 
Nitsch and Nitsch (1969), or their slight modification with various addi¬ 
tives have been employed, but iron is indispensible (Nitsch, 1972). The 
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usual level of sucrose is 2-4^; however, higher concentrations (8-12S5) 
favor androgenesis in cereals (Clapham, 1971; Chen, 1978). Media rich 
in growth regulators encourage the growth of diploid tissue such as 
anther wall, connective tissue, and filament and should be avoided. 
The cultures are incubated at 24-28 C in a 14-hr daylight regime at 
about 2000 lux. 

The anthers normally start to undergo pollen embryogenesis within 2 
weeks, and either directly develop into haploid plants in about 6 weeks 
(in tobacco) and are capable of transferring to the soil, or undergo 
proliferation to form eaUus which can be induced to differentiate 
plants. 

To obtain homozygous lines, the young plants that are still enclosed 
in or attached to the cultured anthers are treated with a 0.52s solution 
of colchicine for 24-28 hr, washed thoroughly, and separately planted. 


INDUCTION OF ANDROGENESIS. The knowledge gained so far from 
anther and pollen culture has established that pollen at the uninucleate 
stage (Fig. 4a) just before the first mitosis or during mitosis are most 
susceptible to external stimuli for the induction of androgenesis. The 
formation of plantlets varies greatly between plant species. In 
tobacco, for instance, it takes about 3-5 weeks before the embryos are 
visible bursting out of the anthers, while in Atropa and rice it may 
take up to 8 weeks. Haploid plantlets are formed in two distinct 
ways, by direct androgenesis (i.e., embryos originating directly from the 
microspores without eaUusing) or by organogenesis from haploid callus 
tissue. 

Androgenesis in tobacco is described here in some detail. The an¬ 
thers (containing uninucleate pollen) cultured on basal medium (Nitsch 
and Nitsch, 1969) turn brownish within 2 weeks without any visible 
signs of growth. After 3-4 weeks in culture, small white protuber¬ 
ances, the embryos, appear which eventually develop into plantlets 
(Fig. 1). Frequently, the anthers may also show proliferation at their 
basal end which continues to increase and cover the whole of the 
anther. Occasionally this callus differentiates to form plantlets. 

Microscopic observations reveal that within the excised anthers the 
mierospores exhibit various modes of development (Figs. 3,4). The 
microspore nucleus either undergoes a normal mitosis and forms a vege¬ 
tative and a generative nucleus or divides to form two "similar looking" 
nuclei (Fig. 3b). In some poUen the vegetative nucleus, while in 
others the two "similar looking" nuclei, undergo further repeated divi¬ 
sions to form multinucleate pollen. The generative nucleus remains 
quiescent or divides a couple of times and aborts; however, in Hyo- 
scyamus niger (Raghavan, 1975, 1978) the generative nucleus is actively 
involved in androgenesis. As a residt of repeated division (Fig. 4g,k,l), 
pollen with up to 30 nuclei may be formed with no walls separating 
the nuclei. Such pollen do not take part in androgenesis and generally 
abort. 

In contrast to the formation of multinucleate pollen, the microspore 
may undergo direct segmentation (Fig. 4d), which continues until event¬ 
ually a 40-50 celled proembryo is formed. The embryos, mostly at the 
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globular stage, burst out of the confines of the exine and are released. 
The embryos undergo various stages of development (Fig. 4h-j) simulat¬ 
ing those of the normal zygotic embryo. Finally, the cotyledons unfold, 
and the plantlets emerge out of the anthers in 4-5 weeks. The per¬ 
centage of androgenic anthers and the number of plantlets per anther 
vary greatly, depending on the eultivar, medium, and various other 
endogenous and exogenous factors (discussed later). The haploid plant- 
lets develop normally when transferred to pots, but are smaller than 
the diploids. 

At the early stages of development it is not possible to differentiate 
between the multinucleate type of development and that which leads to 
the formation of callus. However, after about 2 weeks, pollen are ob¬ 
served to be larger than the multinucleate and the embryonal type and 
contain only a few cells. These cells increase in size, exerting pres¬ 
sure on the exine which bursts open and the contents are released in 
the form of callus (Fig. 4g). At the same time, in some eases, shoots 
differentiate from the callus. The plantlets originating from the callus 
are generally undesirable, as they exhibit various levels of ploidy. 

The ultrastructural studies (Vazart, 1972; DunweU and Sunderland, 
1974a,b, 1975) on tobacco anthers have yielded some interesting insight 
into the sequence of early androgenesis. The embryogenesis begins 
after a short period of normal gametophytic differentiation, which pro¬ 
ceeds at 8 similar rate to that in vivo during the first days of culture 
but thereafter the gametophytic processes gradually terminate. After 
7-8 days in culture the vegetative cell of the embryonal pollen shows 
multivesiculate bodies resembling lysosomes. These zones increase with 
increasing age of the culture, and after about 12 days they are almost 
free of any contents. The ribosomes and many other organelles are 
virtually eliminated from the cells. The remaining organelles, mainly 
plastids, cluster around the vegetative nucleus. There is little change 
in the mitochondria, and the gametophytic cytoplasm seems to be des¬ 
troyed before the first sporophytic division of the vegetative cell. The 
ultrastructural changes during androgenesis seem to correspond well 
v/ith the observations on the pattern of nucleic acid changes (Bhojwani 
et al., 1973). It was observed that in embryonic pollen treated with 
specific stains for RNA and proteins, most of the stain taken up at the 
stages of the first sporophytic mitosis was located in the two nuclei 
and some cytoplasm surrounding them, while the rest of the pollen 

Figure 4. (a) A uninucleate tobacco microspore (stage at inoculation), 

(b) Microspore showing first mitosis with two similar-looking nuclei, 
obtained from 1-week-old anthers, (c) A multinucleate pollen from 2- 
week-old culture; such pollen generally abort, (d) A bicelled embryonal 
mierospore formed as a result of segnientation. (e) A rriulticellular 
pollen which appears to be of the callusing type, (f) A multicellular 
pollen (embryoid) obtained from 6-week-old anthers of Tritteum aestivum 
cv. Kolibri. (g) A small mass of haploid callus obtained as a result of 
bursting of the pollen; note the smaU compact ceUs. (h-j) Various 
stages of embryogenesis in tobacco anthers. (k^) Four and eight 
nucleate pollen obtained from 2-3-week-old cultures of anthers of 
Paeonia suffruticosus and P. lutea cv. Superba respectively (courtesy of 
Dr. M. Zenkteler). 
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lacked stainable contents. Furthermore, there was less RNA per grain 
at the second mitosis than in a microspore at the first mitosis. The 
electron microscopic studies also confirmed that the generative cell is 
not involved in the process of androgenesis in tobacco, as it remains 
small, inert, and shows little change. 


Culture of Isolated Pollen 

Although anther culture has proved to be quite efficient for the 
induction of haploids, it has one main disadvant^e: the plants not 
only originate from pollen but also from various other parts of the 
anther, with the result that a population of plants with various ploidy 
levels is obtained (Nishi and Mitsuoka, 1969; Devreux et al., 1971; 
Narayanaswamy and Chandy, 1971; Zenkteler, 1971; Engvild et al., 
1972; Kohlenbach and Geier, 1972; Wagner and Hess, 1974; Thomas and 
Wenzel, 1975b; Bajaj et al., 1978; Bajaj, 1981a). This difficulty can be 
circumvented by the culture of isolated pollen. The culture of isolated 
pollen offers the following additional advantages: 

1. Uncontrolled effects of the anther wall and other associated tissue 
are eliminated and various factors governing androgenesis can be 
better regulated. 

2. The sequence of androgenesis can be observed starting from a 
single cell. 

3. Pollen is ideal for uptake, transformation, and mutagenic studies, as 
pollen may be evenly exposed to chemicals or physical mutagens. 

4. Unlike single callus cells, pollen is transformed directly into an 
embryo, and thus would be most suitable for understanding the 
physiology and biochemistry of androgenesis. 

5. Higher yields of plants per anther could be expected. 

Earlier work on the culture of piollen of Gymnosperms demonstrated 
their ability to divide. With the use of pollen culture haploid tissues 
have been obtained in Ginkgo biloba (Tulecke, 1953), Ephedra foliata 
(Konar, 1963), Torreya nucifera (Tulecke and Sehgal, 1963), Cupressus 
(Razmologov, 1973), and Pinus (Bonga, 1974; Bonga and Mclnnis, 1975). 
These experiments demonstrated that isolated pollen can be induced to 
change its primary role of germination to give rise to pollen tube and 
sperm. Instead, its mode of development can be diverted to produce 
haploid tissue. This work was extended to Angiosperms to yield some 
interesting results. 

Kameya and Hinata (1970) used a hangii^ drop method to culture 
isolated pollen of Brassica oleracea and B. oleracea x B. cdboglabra. 
Their method involved placing a drop of medium containing 50-80 grains 
on the cover glass, which is then inverted over a cavity slide and 
sealed with paraffin. Before inverting the cover glass, a column of 
paraffin is raised in the center, so that when inverted, it touches the 
bottom of the cavity slide. This facilitates the aeration as well as the 
movement of the pollen when the slide is rotated. Cell clusters were 
formed from isolated pollen after 4 weeks in a medium containing coco- 
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nut water. Later, Sharp et al. (1972) using a "nurse culture technique" 
induced isolated pollen of Lycopersicon esculentum to form haploid 
eaUus (Fig. 5). 

Makii^ use of the observations (Stow, 1930; Sax, 1935) that thermal 
shocks given to plants can change the mode of division of the pollen 
nuclei, Nitsch and Norreel (1973a) reported that trauma given to pollen 
at the time of the first mitosis considerably enhanced the number of 
pollen cells undergoing androgenesis. They succeeded in Inducing em¬ 
bryo formation by subjecting Datura imoxia pollen to low temperatures 
(4 C for 48 hr), and then growing them in a liquid medium. They also 
claimed (Nitsch and Norreel, 1973b) to have improved the efficiency of 
androgenesis by growing isolated pollen in a medium supplemented with 
water extract from anthers undergoing androgenesis. Partial success 
along the same lines was also reported in tomato (Debergh and Nitsch, 
1973). Later Nitsch (1974a) substituted a fully synthetic medium for 
the anther extract and obtained plantlets from Nicotiana tabacum cv. 
Red Flowered and Coulo. This work was then extended to another 
commercially important tobacco cultivar, Badischer Burley (Bajaj and 
Reinert, 1975; Reinert et al., 1975; Bajaj et al., 1977; Bajaj, 1978a), 
potato (Sopory, 1977; Weatherhead and Henshaw, 1979), Hyoscyamus 
niger (Wernicke and Kohlenbach, 1977), Datura imoxia (Sangwan- 
Norreel, 1977), Cajanus cajan (Bajaj et al., 1980b), and rye (Wenzel et 
al., 1975). 

The isolated pollen can be cultured by the methods which follow. 


NURSE CULTURE TECHNIQUE. Sharp et al. (1972) induced the iso¬ 
lated pollen of Lycopersicon esculentum to form haploid caUus. A 
schematic protocol for the establishment of cultures is presented in 
Fig. 5. In this method the anthers are placed horizontally on top of 
the basal medium within a French square container. A filter paper 
disk is placed over the intact anther, and about 10 pollen grains (in 
suspension) are then placed on the filter paper disk. The controls are 



Figure 5. Schematic representation for the culture of isolated pollen 
of tomato by nurse culture method (from Sharp et al., 1972; courtesy of 
Dr. W.R. Sharp). 
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Figure 6. Various stages in the development of haploid tobacco plants 
from isolated pollen culture, (a) A drop of pollen suspension at the 
time of culture in a glutamine (800 mg/1) and serine (100 mg/1) rich 
medium. (b,c,d) Same, after 2-5 weeks showing pollen embryos and 
pollen plants (from Bajaj, 1978a). 

prepared in CKactly the same way, except that the pollen are placed 
on a filter paper disk kept directly on the agar. With this method the 
control did not grow at all, while the pollen kept on the nurse 
cultures had a plating efficiency of up to 60%, and clusters of green 
parenchymatous cells were formed on the filter paper disk in 2 weeks. 
These clones were observed to be haploid. Later, Pelletier (1973) 
successfully induced androgenesis in Nicotiana tabacum microspores 
using Petunia callus as a nurse tissue. 


ERECULTDRE METHOD, The technique for the culture of isolated 
pollen (Nitsch, 1974a,b, 1977) involves the following steps. The anthers 
are aseptically removed and cultured (Nitsch and Nitsch, 1969). After 
4 days of incubation at 27 C, the pollen are squeezed out of the 
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anther into the liquid medium. One liter of the medium contains KNO 3 
(8.9 mM), NH 4 NO 3 (8.9 mM), MgS 04 - 7 H 20 (0.75 mM), CaClj (1.42 
mM), KH 2 PO 4 (0.50 mM), FeEDTA (100 mM), glutamine (5.5 mM), serine 
(0.95 mM), Myoinositol (0.03 M), Zeatin (0.046 |iM), indoleacetic acid 
(0.57 (iM), and sucrose (0.06-0.23 M). After filtration the pollen are 
centrifuged to form a pellet. The pollen are washed twice, centrifuged 
again, and suspended in fresh medium with a density of about 5 x 10^ 
pollen per ml. Aliquots of 2 ml are then dispensed in thin layers in 
small petri dishes or 25 ml Erlenmeyer flasks. However, if the 
material is available in mieroquantities, it can be grown in drop 
cultures (Bajaj 1978a; Fig. 6 ). To prepare such cultures, a drop of 
silicon is placed in the center of a small (5 cm) sterile plastic petri 
dish, and a cover slip (22 x 22 mm) is gently lowered onto the drop. 
Then a drop of 250-500 m 1 of the pollen suspension is pipetted onto the 
cover slip. To prevent dessication, the petri dishes are sealed with 
"Parafilm M" and the cultures incubated for the first 4-6 days under 
low light (500 lux), and then maintained in 14-hr daylight regime of 
2000 lux at 28 C. The induced pollen undergo normal androgenesis and 
eventually produce haploid plants. The culture of excised anthers and 
pollen, and the formation of haploid and homozygous plants are schema¬ 
tically represented in Fig. 7. 

Recently these techniques have been considerably modified and re¬ 
fined to obtain high percentages of pollen embryogenesis. For instance, 
rye pollen suspension may be purified to separate the viable micro- 
spores (Wenzel et al., 1975). Likevjise, androgenesis can be induced in 
ab initio pollen cultures of tobacco (Rashid, 1981). The serial culture 
of anthers in the liquid medium enables the embryogenic pollen to dis¬ 
charge in the medium in good quantities. Such pollen can then be fil¬ 
tered and cultured (Sunderland and Roberts, 1977), 

Although considerable success has been achieved with the culture of 
pollen, the induction of repeated nuclear and cellular divisions in iso¬ 
lated pollen mother cells (Bajaj, 1974a) and pollen tetrads (Bajaj, 
1975a) of Atropa belladonna offers an alternative approach. The PMCs 
enclosed by the thick caUose walls exhibit two types of behavior in 
culture. They either formed 6-8 additional microspores or they under¬ 
went repeated divisions to form a multicellular globular embryo-like 
structure (Fig. 8 a). The frequency of these structures was increased if 
young anthers were subjected to low temperatures (4 C for 48 hr) 
before culture. It is presumed that in the pollen mother cells in which 
meiosis had already initiated, cytokinesis continued and gave rise to 
tetrads, and, by further mitosis, additional microspores were formed. 
However, if PMCs were cultured at an earlier stage (premeiotic) then 
perhaps mitosis was induced. This assumption is subject to cytological 
confirmation. If such behavior does occur in anther culture then 
diploid plants would be produced by these PMCs, and this would par¬ 
tially explain the origin of diploid plants obtained by anther culture. 

Like the PMCs, pollen tetrads of Atropa in culture have also been 
observed to undergo divisions to form 5-8 additional microspores (Fig. 
8 b) with some microspores containing 2-3 nuclei. Even after 8 months 
in culture, the extra microspores were observed to be highly cyto¬ 
plasmic and healthy. The culture of meioeytes and tetrads also offers 
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Figure 7. Diagrammatic illustration showing various modes of andro- 
genesis and haploid plant formation by anther and isolated pollen 
culture. The homozygous plants are obtained by treating haploids wit 
colchicine. 


a unique tool for the study of the ontogeny of pollen. The in vitro 
induction of repeated divisions also raises questions about the essential 
role of the tapetum during early microsporogenesis. ^ t m 

Following are some of the salient points which have emerged irom 
the work on the culture of isolated pollen of Nicotiana and Datura. 

1. Growth and morphogenesis are adversely affected if the 

pollen are not washed before culturing. Unwashed pollen either 
fail to grow or have a tendency toward caUus formation. 
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Figure 8. (a) A 20-week-old culture of pollen mother cell of Atropa 

belladonna showing a multicellular embryo-like structure; note the 
intact caUose (from Bajaj, 1974a). (b) 10-week-old culture of a pollen 
tetrad of Atropa belladonna showing the formation of additional micro¬ 
spores (from Bajaj, 1975a) 

2. Cold treatment has been used to increase the frequency of andro- 
genesis (Fig. 9). The cold treatipent appears to inhibit spindle 
formation and in some cases may cause an abnormal first mitosis 
by triggering the pollen nucleus to form two similar-looking nuclei. 
However, close examination reveals that even in cold-treated pol¬ 
len, normal mitosis usually takes place to form a vegetative and a 
generative nucleus. The cold treatment does not induce andro- 
genesis, but it enhances the viability of cultured pollen, and causes 
repression of the gametophytic differentiation which results in 
higher frequency of androgenesis. The effect of cold treatment is 
indirect, and hence is not a prerequisite for the successful culture 
of isolated pollen. 

3. Androgenesis in isolated tobacco pollen can be induced at various 
stages of development (ranging from uninucleate microspore, during 
and after first mitosis to late binucleate), but frequency of success 
is most frequently achieved using anthers taken at late uninucleate 
to binucleate pollen stage (Bajaj, 1978a). 

4. The frequency of androgenesis can be enhanced considerably by 
raising the sucrose and myo-inositol concentrations in the medium. 

Although the above techniques of pollen culture are an improvement 
over anther culture, the ideal situation would be to culture pollen, like 
single cells, directly in dishes or in suspension cultures without the 
intermediate step of anther culture. Only limited success has so far 
been achieved using this approach. 

HAPLOID PROTOPLASTS. The removal of the cell wall and the re¬ 
lease of the isolated plant protoplasts has become a routine procedure, 




TIME OF CULTURE 
( weeks) 

Figure 9. Stimulatory effect of cooling and centrifugation on pollen 
embryogenesis in Datura. Percentage of embryonic anthers from flower 
buds cultured (a) before and (b) after first mitosis. Untreated, cooled 
at 3 C for 48 hr, zero-cooled and centrifuged (from Sangwan-Norreel, 
1977). 

and it is now possible to isolate protoplasts from almost every plant 
part (Bajaj, 1977b). Mesophyll protoplasts isolated from haploid plants 
like those isolated from diploid plants readily divide in culture and give 
rise to regenerated plants. In spite of the tendency for cells in 
culture to increase in ploidy, regenerated plants of tobacco, petunia, 
potato, atropa, and Datura have all been recovered that remain haploid 
(Ohyama and Nitsch, 1972; Bajaj, 1972; Binding, 1974a,b, 1978; Schied- 
er, 1975; Furner et al., 1978; Bourgin and Missonier, 1978; Bajaj et al., 
1978; Fig. 10). If techniques can be extended to many plant species, 
the culture of mesophyll protoplasts could be a method for the large- 
scale multiplication of haploids. 

The isolation of protoplasts from pollen and pollen tetrads would 
prove interesting from a number of aspects. The behavior of pollen 
and tetrad protoplasts in culture might be useful for the study of 
pollen ontogeny (Bajaj et al., 1975). In particular, the nature of cell 
wall regeneration by the protoplast when isolated from the surrounding 
somatic tissue would be of interest. Apparently, pollen and tetrad 
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Figure 10. Isolation and culture of haploid mesophyll protoplasts of 
Atropa belladonna, (a) S-week-old culture of an excised anther of A. 
belladonna undergoing androgenesis (the leaves from the haploid plants 
thus raised were employed for the isolation of protoplasts), (b) Meso¬ 
phyll protoplasts obtained from the peeled leaves incubated in an 
enzyme mixture containing cellulase (1.5S6) and macerozyme (0.3%) in 
mannitol. (c-e) Various stages in the elongation and division of an 
isolated protoplast cultured in a liquid nutrient medium 5 days after 
culture. (f,g) One- and two-week-old cluster and a colony of callus 
cells obtained from protoplasts, (h) Masses of calli obtained from cell 
colony (f,g) 3 weeks after plating on agar-solidified medium containing 
NAA. (i) Differentiation of embryoids and plantlets from callus after 
transferring to an auxin-free medium (from Bajaj et al., 1978). 

protoplasts isolated from the confines of the cell wall can respond to 
culture (Bajaj, 1974b,c,d). 

Protoplasts from Maturing Pollen. Pollen grains of Angiosperms are 
coated with sporopoUenin (Zetsche, 1932) which is remarkably durable, 
chemically inert (Gherardini and Healey, 1969), and one of the most 
resistant materials in the organic world (Faegri and Iversen, 1964). It 
is a polymer of carotenoids and carotenoid esters (Shaw, 1971) and can 
be dissolved only by treatment with KOH, strong oxidizing solutions 
and certain organic bases (Southworth, 1974), and also by certain 
microorganisms (Elsik, 1971). As yet no enzyme fffeparation is known 
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which can digest the exine; however, by combining both enzymatic and 
mechanical methods limited quantities of protoplasts have been obtained 
(Bajaj and Davey, 1974). 

ftotoplasts may be released in a variety of ways: by weakening of 
the germpore, by partial dissolution and sloughing off the exine, and by 
formation of subprotoplasts from the pollen tube. The freshly isolated 
protoplasts are spherical and vacuolated. When centrifi^ed, they tend 
to spontaneously fuse to form multinucleate giant protoplasts. In cul¬ 
ture, the protoplasts occasionally showed elongation, division, and bud¬ 
ding (Bajaj, 1974c, 1975b). 

Protoplasts from Pollen Mother Cells and Pollen Tetrads. Somewhat 
better preparations are obtained from pollen taken at earlier stages of 
development, i.e., pollen mother cells and pollen tetrads. These are 
enclosed in a callose waU which is simple when compared to the com¬ 
plex nature of the exine. The callose is composed of unbranched p-1,3 
glucan (Clowes and Juniper, 1968). The procedure for the isolation and 
culture of protoplasts from pollen mother cells and tetrads (Bhojwani 
and Cocking, 1972; Bajaj and Cocking, 1972; Bajaj, 1974c) involves a 
number of steps. One anther is aseptically removed from a young 
flower bud and stained with acetocarmine to ascertain the stage of 
development. The basal end of the anther is cut with a fine scalpel 
and the contents squeezed out with a glass spatula. This step is very 
important as squeezing with excess force will press out the diploid 
tapetal cells. The pollen mother cells and tetrads emerge as a milky 
fluid which is treated with an enzyme mixture derived from snail intes¬ 
tines (0.75-1% Helicase in 8-10% sucrose) for about 30-45 min; 1 ml of 
the enzyme mixture is used per anther. After incubation, the enzyme 
mixture is carefully replaced by a 10% sucrose solution and the proto¬ 
plasts are allowed to settle. They are rinsed a couple of times vnth 
fresh medium and then resuspended in nutrient medium and cultured. 
Centrifugation is not advised, as the protoplast yields that are already 
low would be further reduced. 

In culture, some pollen-derived protoplasts regenerate a wall and 
show budding and occasional division (Bajaj, 1974c). At places where 
they adhere, the tetrad protoplasts and developing microspores regener¬ 
ate common walls giving rise to a clump of eeUs or a so-called micro¬ 
spore tissue. It is unfortunate that at present the culture of pollen 
protoplasts has yielded only limited success so that their potential for 
the induction of haploid plants has yet to be realized. 


Elimination of Chromosomes by Bulbosum Technique 

The induction of haploid barley by the novel method of Kasha and 
Kao (1970) of chromosome elimination has proved to be quite efficient 
for the large-scale production of these plants (Jensen, 1974, 1977). 
The method entails crossing Hordeum vulgare (2n = 14) with Hordeum 
bulbosum (2n = 14). In nature, the seed produced from such a cross 
develops for about 10 days, and then begins to abort. However, if the 
immatijre embryos are dissected out 2 weeks after pollination and eul- 
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tured on B5 medium (Gamborg et al., 1968) without 2,4-D, they con¬ 
tinue to grow. Almost all the plants originating from such embryos are 
monoploid (n = 7), and true hybrids are rare. This method for the for¬ 
mation of monoploid barley by crossing and embryo culture is diagram- 
matieally represented in Fig. 11. 

Kasha and Kao (1970) presented evidence to show that these mono- 
ploids are not caused by parthenogenesis, but by the elimination of H. 
Ixilbosum chromosomes. This elimination is under genetic control (Ho 
and Kasha, 1975). Their evidence comes from the following four 
sources; (1) The occurrence of cells in the embryo with more than 
seven chromosomes. (2) The percentage of seed set is higher than that 
observed by induced parthenogenesis. (3) When diploid H. vulgare is 
pollinated with tetraploid H. bulbosum the percentage of seed set is 
similar to that of the diploid cross. (4) Haploids of H. vulgare type 
are also obtained when H, vulgare is used as the male plant and H. 
Ixdbosum as the female. 

Monoploid wheat has also been obtained by this technique (Barclay, 
1975; Zenkteler and Straub, 1979) by crossing Triticum aestivum (2n = 
6 x = 42) with H. bulbosum (2n = 2x = 14) whereby the chromosomes of 
bulbosum are eliminated in the process and monoploid Triticum aestivum 
(n = 3x = 21) is recovered. 

This technique represents a considerable advance in the production of 
barley haploids and it has a number of advantages over anther culture. 
In particular, haploids can be obtained from any cultivar of barley 
whereas with anther culture success is dependent on the genotype. 
Using this method, the frequency of haploid formation is very high. In 
addition, no haploid plants are obtained. In contrast, barley plants ob¬ 
tained from anthers via callus cultures include aneuploids (Clapham, 
1971, 1977). 

The mechanism for complete chromosome elimination in barley is 
gradual and perhaps these methods coxild be extended ^asha and Kao, 
1970) to plants like potato where dihaploids are obtained from tetra¬ 
ploid Solalanum tuberosum by crossing with pollen from diploid S. phu- 
reja. 


INDUCTION OF PARTHENOGENESIS. The spontaneous occurrence 
of haploids in nature usually takes place through parthenogenesis 
(Chase, 1969), but in some cases it can also be induced by experimen¬ 
ts treatments, especially by the application of inactivated pollen or 
distantly related pollen (see Maheshwari and Rangaswamy, 1965; 
Wardlaw, 1965). The in vitro induction of parthenogenesis is another 
approach that has not been exploited. The growth of isolated eggs or 
even unfertilized ovules have not been tested. However, Murgai (1959) 
attempted to culture flower buds and spikes of Aervo tomentosa. This 
IS an apomict, the plant is dioecious and male plants are extremely 
rare in nature. The female flowers possess 5-8 perianth lobes enclosing 
a monocarpellary ovary and 8-10 staminoides. The unpoUinated flowers 
and spikes cultured at the mature embryo sac stage yielded 4056 seeds, 
and occasionally these seeds germinated in situ. 
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H. vulgare (VV) 
(2n=2x = 1A) 


H. bulbosum(BB) 
(2n = 2x = 1A) 



EMBRYO CULTURE 


GAMETES 
CROSS (V X B) 
OR(Bx V) 


CHROMOSOME 

ELIMINATION 


MONOPLOID (V) 
BARLEY 
PLANT 
2n = x =7 


Figure 11. Diagrammatic representation showing the formation of 
monoploid barley by crossing diploid Hordeum vulgare x Hordeum 
bulbosum followed by culture of excised embryo; one set of chromo¬ 
somes is eliminated (courtesy of Dr. C.J. Jensen). 


Yet another approach worth considering is in vitro pollination by 
genetically unrelated pollen (Kanta, 1960; Kanta and Maheshwari, 1963; 
Rangaswamy, 1977). Haploid parthenogenesis can also be induced by 
the culture of unpoUinated ovaries. Using this method, Hess and Wag¬ 
ner (1974) obtained haploids in MinmLus. The wall firom the unpollinr 
ated pistil (ovary wall) of Mimulus luteus is removed and the pollen of 
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Torenia fournieri are directly placed on the ovules. With this method, 
haploid parthenogenesis was recorded in 1^ of the cultures. 


FACTORS INFLUENCING ANDROGENESIS 

It has been suggested that in vitro induction of haploids by anther 
culture might be restricted to species within only a few families such 
as the Solanaceae and the Gramineae. However, it is now clear that 
although species belonging to these two families may be more prone to 
the induction of androgenesis, androgenesis can be achieved in many 
other species as weU (Table 1), though with a lower frequency. In¬ 
deed, one of the main problems that a worker in the field of anther 
culture confronts is the low frequency of androgenesis. Thus attention 
is now being focused upon the factors which influence androgenesis 
with the goal of increasing its frequency. Some of the factors which 
have been implicated in the induction of androgenesis are discussed 
below. Manipulation of these factors has made it possible to increase 
the efficiency of the production of haploids (see Bajaj et al., 19775 
Sangwan-Norreel, 1977; Chen, 1978; Maheshwari et al., 1980). 


Genotype 

One of the most important factors governing the success of in vitro 
induction of haploids is plant genotype. It has been repeatedly ob¬ 
served that various species and cultivars exhibit different growth 
responses in culture. Gresshoff and Doy (1972a,b) working with 43 
cultivars of Lycopersicon esculentum and 18 lines of Arabidopsis thali- 
ana could induce haploid tissues in only 3 eases each. The same trend 
was observed in rice (Guha-Mukherjee, 1973). The percentage of 
haploid induction in various species of Nicotiam (Nitsch, 1972; Tomes 
and Collins, 1976), Solaman (Irikura and Sakaguchi, 1975), and rye 
(Wenzel et al., 1977) differed remarkably. Likewise, out of 21 cultivars 
of IViticum aestivum (Table 2), haploid tissue could be obtained from 
anthers of only 10 cultivars (Bajaj, 1977a). 

These studies make it clear that one of the reasons for failure in 
anther culture is that most workers restrict themselves to one cultivar 
and abandon the work if unsuccessful. It is highly desirable that a 
general survey of various cultivars be undertaken. Furthermore, for 
such a general survey, comparatively simple media should be used, as 
complex media rich in growth regulators tend to favor proliferation of 
somatic anther tissue giving rise to ceOlus of various ploidy levels. 


Physiological Condition and Age of the Plant 

It has been a general experience that the age and physiological 
state of the plant considerably influences the efficiency of androgenesis. 
Flowers from relatively young plants at the beginning of the flowering 
season (Narayanaswamy and Chandy, 1971; Anagnostakis, 1974) are 
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Table 2. Influence of Genotype on Growth Response in Excised 

Anthers of Various Cultivars of Triticum aestivum, Cultured 
at a Uninucleate Pollen Stage (from Bajaj, 1977a) 




NUMBER 

NUMBER 

PERCENTAGE 


GROWTH 

ANTHERS 

ANTHERS 

ANTHERS 

CULTIVAR 

RESPONSE 

CULTURED 

CALLUSING 

CALLUSING 

Maris Ensign 

- 

180 



Rothwell Sprite 

+ 

120 

2 

1.6 

Janus 

+ 

310 

5 

1.6 

Chinese Spring 

+ 

250 

4 

1.6 

Kolibri 

+ 

800 

14 

1.7 

Tim 

+ 

421 

7 

1.6 

Cardinal 

+ 

329 

5 

1.5 

Maris Freeman 

+ 

180 

2 

1.1 

Maris Widgeon 

- 

75 



Maris Huntsman 

+ 

129 

1 

0.8 

Maris Templar 

- 

111 



Maris Dove 

- 

85 



Maris Nimrod 

- 

167 



Luna 

- 

129 



Jubilar 3 

- 

151 



Golden Valley 

- 

86 



Champlein 

+ 

141 

2 

1.7 

Nersee 

+ 

175 

1 

0.6 

Rarapton Rivett 

- 

172 



1877 

- 

209 



Benno 780 

- 

114 




more suitable than the flower buds taken from plants at the end of 
their growing period. It has also been observed that flower vigor in 
tobacco is retained longer if the plants are irrigated with Hoagland’s 
solution every 2 weeks. Moreover, the temperatime at which the 
plants have been grown is important since Datura plants grown at 24 C 
gave a higher frequency of androgenesis (45%) than those grown at 17 
C ( 8 %) (Nitsch and Norreel, 1973a). However, Brassica napus yielded 
better results with anthers excised from the plants grown at lower 
temperatures (Keller and Stringam, 1978). The removal of the old 
flowers in Datura (Nitsch, 1975), and the apical portion of wheat 
inflorescence (Picard, 1973) caused an increase in the frequency of 
androgenesis. In Triticum aestivum, it was observed that anthers taken 
from field-grown plants were much healthier, more robust, and gave 
better results than those grown in poorly illuminated greenhouses 
(Bajaj, 1977a). Since the change in light and temperature are the 
result of variation in season, it is not suprisii^ that the results vary 
between labs. It is, therefore, of Earime importance that plants be 
grown under optimal growth conditions, watered with mineral salt 
solutions periodically, and that relatively young plants should be used. 
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Stage of Pollen 

It has been established that not only the age and the environmental 
conditions under which the donor plants are grown but also the stage 
at which pollen are taken are most critical. Examples are known in 
tobacco (Nakata and Tanaka, 1968) and tomato (Gresshoft and Doy, 
1972a) in which androgenesis has been induced at the pollen tetrad 
stage, and also in some gymnosperms where the grains were 4-5-celled. 
However, the data accumulated (see Table 1) has established the fact 
that uninucleate microspores (Table 3) are most prone to experimental 
treatment for anther culture just before or during first mitosis, while 
the culture of isolated pollen has yielded better results at the binucle- 
ate stage (Bajaj, 1978a). Moreover, the stage of poUen is also impli¬ 
cated in the ploidy level of the plants. The plants obtained from an¬ 
thers of tobacco (Engvild, 1974), Datura (Engvild et aL, 1972) and Hyo- 
scyamus (Corduan, 1975) cultured at the uninucleate pollen were hap¬ 
loids, whereas those obtained from later stages showed various levels of 
ploidy. 


Thermal Trauma 

Haploids have been observed to occur in nature and to be induced 
experimentally following some trauma. By temperature manipulations, 
the egg could be induced to develop parthenogeneticaUy. As early as 
1922 Blakeslee et al. obtained Datura stramonium haploids by subjecting 
the plants to low temperatures at the time of fertilization. Povolochko 
(1937) obtained haploids by exposing tobacco plants to high as well as 
low temperatures. Similarly, Muentzing (1937) and later Noerdenskiold 
(1939) obtained rye haploids by low temperature (3 C) treatment. In 
all these cases the haploids originated from the egg. Both the egg and 
the pollen are prone to such trauma. Stow (1930) and Sax (1935) ob¬ 
served that thermal shocks given to plants can alter the mode of divi¬ 
sion of the microspore nucleus. It was further observed (Stow, 1930) 
that these cold-treated pollen of Hyacinthus orientalis lose male poten¬ 
cy and resemble the 8 nucleate embryo sac. Floral buds or entire 
plants subjected to hot or cold treatment or perhaps alternate combi¬ 
nations of both might prove to be useful in enhancing androgenesis. 
Nuclear abnormalities such as buddit^ and fusion have also been re¬ 
ported (Izhar, 1973) in Petunia plants kept at low temperatures for 24- 
48 hr. The stimulatory effect of thermal shocks for anther culture has 
been successfully extended to Datura (Nitsch and Norreel, 1973a), 
tomato (Debergh and Nitsch, 1973), Atropa belladonna (Bajaj, 1974a), 
and tobacco (Debergh and Nitsch, 1973; Bajaj and Reinert, 1975; 
Reinert et al., 1975; Bajaj, 1978a; Bajaj et al., 1977) to enhance 
androgenesis in anthers and isolated pollen. The combined effect of 
cold treatment plus centrifugation (Sangwan-Norreel, 1977), and cold 
treatment plus charcoal (Bajaj et al., 1977) are depicted in Fig. 9 and 
Table 4, respectively. 
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Table 4. Effect of Various Exogenous Factors on Percentage of 

Anthers Undergoing Androgenesis and the Number of Plants 
per Anther (from Bajaj et al., 1977) 


FACTOR 

TREATMENT 

EMBRYO- 
GENIC 
ANTHERS {%) 

PLANTS 

PER 

ANTHER 

(MEAN) 

SIGNIFI¬ 
CANTLY 
GREATER THAN 
CONTROL 

Charcoal 

Control 

41.2 

5.3 


in the 

1 ^ charcoal 

83 

14.6 

** 

medium 

236 charcoal 

91 

17.5 


Thermal 

Control 

78.6 

12.9 


shock 

24 hr 

86 

15.4 

n.s. 

(4 C) + 
charcoal 
medium 

48 hr 

91.6 

23.2 



•* = statistically significant at p<0.01; n^. = nonsignificant. 


Both cold treatment and brief exposure to higher temperature have 
been reported to stimulate repeated division of pollen. For example, in 
Brassica pollen, embryogenesis is stimulated in anthers (Keller et al., 
1981) subjected to 30 C for 24 hr or 40 C for just 1 hr. The temper¬ 
ature shock appears to cause dissolution of microtubules (Hepler and 
Palevitz, 1974) and dislodging of the spindle which causes abnormal 
division of the microspore nucleus. 

The effect of cold treatment is indirect. The increase in androgene¬ 
sis is mainly attributed to the fact that low temperature (3-5 C) 
retains the pollen viability longer, delays senescence, and prevents the 
abortion of pollen (Bajaj, 1978a) and thereby increases the number of 
available viable pollen which are destined to form embryos. This can 
be verified by a simple experiment by studying the pollen viability in 
cultured anthers incubated at various temperatures. 

Nemec (1898) observed that pollen grains in the petaloid anthers of 
Hyacinthus orientalis sometimes assumed the 8 nucleate condition, re¬ 
sembling embryo sacs. This observation, which later came to be known 
as the Nemec Phenomenon, was reported in other cultivars of Hyactn- 
thus by various workers (De Mol, 1923; Stow, 1930; Naithani, 1937), 
Omithogcdum nutans (Geitler, 1961) and Leptomeria bUlardierii (Ram, 
1959). The culture of isolated pollen and excised anthers of plant 
species showing the Nemec Phenomenon is worth consideration. 


Chemical Treatment 


Various chemicals are known to induce parthenogenesis. Yasuda 
(1940) observed that by injecting the ovaries of Petunia with the chem¬ 
ical Belvitan, the egg was stimulated to divide repeatedly. Likewise 
by colchicine treatment. Smith (1943) and Levan (1945) obtained haploid 
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plants of Nicotiana langsdorfti and Beta vulgaris, respectively. The 
efficiency of haploid induction in sweet corn was increased from 2.7/ 
1000 to 7/1000 by the application of 50 mgA maleic hydrazide (Deanon, 
1957), Spraying the plants with various growth regulators and hor¬ 
mones could also be taken into consideration. In this connection, Eth- 
rel has yielded some interesting results. Following the report (Lower 
and Miller, 1969) that 2-ehloroethylphosphonic acid (commercially known 
as Ethrel or Ethephon) acts as a gametocide and causes male sterility 
(Rowell and Miller, 1971), Bennett and Hughes (1972) demonstrated that 
plants of Triticum aestivum ev. Chinese Spring when sprayed with Eth¬ 
rel just before meiosis in the pollen mother cells, undergo additional 
mitosis to give rise to multinucleate pollen. Induction of additional 
nuclear divisions and formation of nuclear bodies has also been 
observed in Medicogo and Trodescontia (MacDonald and Grant, 1974), 
Petunia (Bajaj, 1975b), Nicotiana (Bajaj et al., 1977), and some 
cultivars of wheat. 

Flowers of tobacco plants sprayed at 1000-2000 ppm of Ethrel ab- 
scissed within 2 days, while application of 250-500 ppm proved damag¬ 
ing as the flowere turned yellow and fell within a week. Flower buds 
sprayed with 100 ppm occasionally underwent division in the vegetative 
nucleus. Anthers excised from such buds (4 days after spray) showed 
2596 increase of androgenesis (Bajaj et al., 1977); however, anthers 
tended to proliferate to form brownish callus, and the plantlets had a 
tendency to turn yellow. 

As compared to tobacco, wheat plants (Bajaj, 1975b) were relatively 
resistant to Ethrel sprays. At high concentrations (8000 ppm) wheat 
plants were badly damaged, and most of the leaves died, but later new 
shoots appeared. The anthers were shriveled and contained a few 
degenerating pollen. At low concentrations (500 ppm) no significant 
effect was observed. In the plants treated with 4000 ppm Ethrel, the 
anthers contained 4-6 nucleate pollen with fewer starch grains as com¬ 
pared with the controls. When cultured, the Ethrel treated anthers 
occasionally showed proliferation. It was further observed that not 
only before mitosis, but also plants sprayed immediately after the first 
mitosis (binucleate stage) of pollen showed the 4-8 nucleate condition. 
In some instances both vegetative and generative nuclei divided repeat¬ 
edly. In one case four sperms were observed in a pollen (Bajaj, 
1975b). 

It is possible that multinucleate pollen isolated from Ethrel-treated 
anthers might be induced to form embryos when cultured, and in this 
way the yield of haploids could be enhanced. 


Composition of the Medium 

The composition of the medium is one of the most important factors 
determining not only the success of anther culture but also the mode 
of development. Pollen embryogenesis can be induced on a simple 
mineral-sucrose medium in plants like tobacco (Nitsch, 1969) and Hyo- 
scyamus (Raghaven, 1975), yet for androgenesis to be completed, addi¬ 
tion of certain growth regulators is required. For instance, cereal 
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anthers require both auxins and cytokinins (Clapham, 1977), and optimal 
growth response depends on the endogenous level of these growth regu¬ 
lators. However, to promote direct embryogenesis, simple media with 
low levels of auxins are advisable. Complex media enriched with 
auxins such as 2,4-D encourage the formation of callus, which causes 
genetic instability and thus should be avoided. 

Sugars are indispensable in the basal medium, as they are not only 
the source of carbon but are also involved in osmoregulation. Normal¬ 
ly, 0.058-0.12 M sucrose is routinely used; however, higher concentra¬ 
tions (0.17-0.29 M) have yielded better results in wheat (Quyang et al., 
1973), barley (Clapham, 1973), potato (Sopory et al., 1978), and rice 
(Chen 1978; Table 3). 

In addition, the extract of androgenic anthers and potato tubers have 
been observed to stimulate androgenesis in tobacco (Nitseh and Nor- 
reel, 1973a) and wheat (Chinese Workers, 1976) respectively. Supple¬ 
menting the media with serine and glutamine has also improved the 
culture of isolated pollen (Nitseh, 1974a). 


Effect of Charcoal 

It has been reported that activated charcoal stimulates the growth 
of various fungi (Parmentier, 1970; Butler and Bolkan, 1973), mosses 
(Proskauer and Berman, 1970; Klein and Bopp, 1971), fern (Kato, 1973), 
and orchids (Ernst, 1974). This work was extended to tobacco cv. 
Havana by Ant^nostakis (1974), who observed an increase in the yield 
of androgenic anthers from 1585 to a maximum of 4585. Further im¬ 
provement has been achieved with cv. Badischer Burley by Baja) et al. 
(1977). In this cultivar, the percentage of androgenic anthers was 
increased from 41 to 9185 by supplementing the basal medium Ith 1% 
charcoal (see Fig. 12 and Table 4). In addition, the number of plants 
per anther was increased and the regeneration of plantlets from anthers 
was speeded up. Similar stimulatory effects of charcoal on andro¬ 
genesis have been observed in Anemone (Johansson and Eriksson, 1977), 
rye (Wenzel et al., 1977), and potato (Sopory et al., 1978). 

This method of charcohl stimulation to enhance the frequency of and¬ 
rogenesis is not understood; however, various conjectures have been 
proposed. Fridborg and Eriksson (1975) observed that charcoal 
enhances the embryogenesis in carrot, whereas normally it can not be 
induced without omission of the auxin from the medium. Similarly they 
obtained root formation in Allium cepa in a charcoal medium, although 
such cultures do not normally produce roots. This suggests that auxin 
is implicated. Weatherhead et al. (1978), on the other hand, believes 
that androgenic enhancement in tobacco is because of absorption of 5- 
hydroxyraethylfurfural by the charcoal. This compound is produced dur¬ 
ing autoclaving of the sucrose and is deleterious. 

It seems likely that in plants like tobacco, charcoal absorbs inhibi¬ 
tory substances and thereby reduces the number of potential pollen em¬ 
bryos that would normally have aborted. However, it is more probable 
that the level of growth substances (both endogenous and exogenous) is 
regulated by absorption into charcoal. Although no proof for this is 
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Figure 12. Effect of 1% activated charcoal on androgenesis in anthers 
grown for 5 weeks, (a) control, (b) charcoal medium. 

yet available, the use of charcoal is very promising for the enhance¬ 
ment of the induction of haploid plants, at least in some species, and 
should be extended to others. 


HOMOZYGOUS PLANTS 

By conventional inbreeding and backcrossing it is possible to obtain 
pure lines, but it is a long and cumbersome process. However, homo¬ 
zygous plants can be obtained in a relatively short time by the produc¬ 
tion of haploids and by doubling their chromosomes. The duplication of 
the chromosomes can be achieved by a number of methods. 


Endomitosls 

Haploid cells are, in general unstable in culture and have a tendency 
to undergo endomitosis (chromosome duplication without nuclear divi¬ 
sion) to form diploid cells. This property of cell cultures has been 
exploited for obtaining homozygous tobacco plants (Nitsch, 1969; Koeh- 
har et aL, 1971). A small segment of stem from a haploid plant is 
grown on an auxin-cytokinih medium to induce callus formation. During 
callus growth and differentiation there is a doublir® of the chromo- 
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somes by endomitosis to form diploid homozygous cells and ultimately 
plants. 


Colchicine Treatment 

Colchicine has been used extensively as a spindle inhibitor to induce 
chromosome duplication and to produce polyploid plants (Eigsti and 
Dustin, 1955). This has been employed for obtaining homozygous diploid 
plants from haploid cultures (Burk et al., 1972; Tanaka and Nakata, 
1969; Kasperbauer and Collins, 1972). While stiU enclosed by the 
anther, the young plantlets are treated with 0.5S6 colchicine solution 
for 24-48 hr, washed thoroughly, and replanted. Mature haploid plants 
can also be used, in which case the colchicine (0.4% in lanolin paste) 
is applied to the axils of the leaves. The fertile homozygous plants 
thus obtained can be used for producing inbred lines used to produce 
hybrids. 


Fusion of Pollen Nuclei 

As mentioned earlier, a feature of anther culture is that the plants 
which are obtained exhibit various levels of ploidy. The diploid plants 
in general appear to arise from the somatic anther tissue, although 
some seem to arise from fusion of pollen nuclei. The embryos and 
plants obtained from such pollen would be completely homozygous as 
well as being diploid. The advantage of such spontaneously obtained 
homozygous plants is that the chances of nuclear aberrations are con¬ 
siderably reduced in 2n vs. n cells. 


CYTOLOGICAL INSTABILITY OF HAPLOID CELL CULTURES 

It has been repeatedly observed that cells in culture exhibit cyto- 
logical instability. Moreover, it has been established that haploid cell 
lines have a greater tendency to increase in ploidy level to diploid 
than diploid cell lines have to increase to tetraploid (Sacristan, 1971). 
The use of this property for the production of homozygous diploid 
plants from haploid tissue has already been suggested. This tendency 
for cells in culture to undergo endomitosis is a major obstacle to the 
maintenance of haploid cells in culture. Indeed finding ways to main¬ 
tain haploid cells in culture is as important in a number of areas of 
investigation as the induction of haploidy itself. 

Parafluorophenylalanine (PFP) has been reported to induce haploidiza- 
tion in Aspergillua and Ustilago (Day and Jones, 1971). Gupta and 
Carlson (1972) extended this work to Nicotiana tabacum cv. Havana 
Wisconsin callus and observed that in mixoploid cultures, growth of 
diploid cells was progressively inhibited with increasing concentrations 
of PFP (1-9 mg/1) while the grovrth of haploid cells was unaffected. 
They further claimed that "our work demonstrates that it is possible to 
maintain stable cultures of haploid cells, and to select preferentially 
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haploid cells from mixed populations of cells of varying ploidy." In 
contrast, Dix and Street (1974), although observing growth inhibition of 
diploid cells of Nicotiarm sylvestris by PFP (37.5 mg/1), did not observe 
any preferential powth of haploid cells in mixed cell cultures. They 
concluded that it was genotype and not ploidy level that determines 
sensitivity to PFP. Similar negative results were reported for Datura 
by Evans and Gamborg (1979). Matthews and Vasil (1975) observed 
growth inhibition of both haploid and diploid tobacco pith-explants. 

In experiments with Nicotiana tabacum and Atropa belladonna (Rein¬ 
ert and Bajaj, 1977; Bajaj and Grobler, unpublished) PFP (15-20 mg/1) 
caused powth inhibition of diploid callus while the haploid cultures 
were either stimulated or unaffected; however, a slight increase in the 
percentage of haploid cells was observed (Fig. 13). These observations 
support the conjecture that PFP may aid in stabilizing the haploid 
level. It was concluded that, although PFP may not routinely prevent 
the reversion of haploids to diploids, it may help to prolong the haploid 
phase in culture in some species. 


CRYOPRESERVATION OF HAPLOID CULTURES 


Freeze preservation of haploid cells and tissues (Bajaj, 1976a) at 
super-low temperatures (-196 C) in liquid nitrogen offers a novel ap¬ 
proach to the preservation of genetic stability, and this method might 
prove especially useful for the establishment of haploid germplasm banks 
(Bajaj, 1976a, 1978b,d, 1979a,b, 1981a; Bajaj and Reinert, 1977). In 
view of the importance of haploid cells in plant breeding, mutation, and 
biochemical genetics research, it is highly desirable to develop methods 
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Figure 13. Effect of parafluorophenylalanine (109 jiM) on frequency dis¬ 
tribution of values for the nuclear DNA contents of fresh stem callus of 
haploid and diploid Atropa belladonna grown for 4 weeks. DNA con¬ 
tent was estimated by microspectrphotometry of 100 Feulgen stained 
nuclei (Bajaj and Grobler, unpublished). 
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by which genetic stocks can be conserved on a long-term basis. This 
can be brought about if cells are maintained in a metabolic inactive 
and nondividing state (i.e., at -196 C). 

The limited work done on the regeneration of plants from haploid 
cell suspensions (Bajaj, 1976b), pollen embryos (Fig. 14; Bajaj, 1976a, 
1977c, 1978c), and excised anthers of Atropa, Petunia, tobacco (Tables 
5,6; Baja], 1978b), rice (Bajaj, 1980), and Primula (Bajaj, 1981b) stored 
in liquid nitrogen has greatly helped to enhance the optimism that 
cryogenic methods would be a promising approach for the conservation 
of haploids. 

Pollen embryos and haploid meristem tips, which are generally known 
to be genetically stable, should be preferred over cell suspensions for 
freeze storage. The cell suspensions are usually heterogeneous, and in 
some cases it is difficult to induce the differentiation of an entire 
plant from callus, whereas pollen embryos and meristem tips develop 
into plants rather easily, and therefore, may prove to be better 
material for cryogenic studies. 


INDUCTION OF MUTATIONS 

One unique value of haploid cell cultures lies in the study of somatic 
cell genetics. In such studies mutant cell lines are particularly impor¬ 
tant. But the majority of mutations are recessive and, therefore, are 
not expressed in diploid cells in the presence of an unmutated dominant 
gene. 

Haploid callus cells have been employed by veirious workers to study 
the ^ect of various mutagens, both irradiations as well as chemicals. 



Figure 14. Survival of Atropa belladonna poUen-erabryos subjected to 
-196 C in the presence of 585 DMSO. (a) Photographed in tungsten 
light, (b) in ultraviolet light; note the fluorescence of pollen-embryo in 
(b) after staining with fluorescein diacetate (from Bajaj, 1976a). 
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Control (untreated) 45 30 66.6 623 20.7 

Frozen at the rate 2 C/min 60 4 6,6 10 2.5 

to -196 C 
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Single ceUs and isolated pollen have the advantage over the entire 
plant in that they can be plated and screened in large numbers, in a 
similar way to the techniques used for microorganisms. Indeed, with 
the use of cell cultures a number of mutant cell lines have now been 
successfully isolated, and extensive work is being done to obtain lines 
that are resistant to various drugs (Widholm, 1977), pathotoxins (Bajaj, 
1981c), salts (Nabors et al., 1980), chilling (Dix and Street, 1976), 
herbicides (Gressel et al., 1978), viruses (Heinz et al., 1977), and 
nematodes (Wenzel and Uhrig, 1981). 

Tulecke (1960) isolated arginine-requiring strains from pollen of 
Ginkgo by substitutii^ hormone in the medium with L-arginine (5.7 
mM). With the avaEability of the technique of isolated pollen culture, 
it should be relatively easy to subject large numbers of pollen, like 
single cells, to various mutagens and to Isolate mutants. This line of 
approach could be relatively efficient for the recovery of mutants. 

Using haploid cells and protoplasts, mutations have been isolated in a 
number of plant species. Cell lines, tissues, and complete plants 
resistant to streptomycin (Binding et al., 1970; Maliga et al., 1973a), 5- 
bromodeoxyuridine (Carlson, 1970; Maliga et al., 1973b), methionine sul- 
foximine (Carlson, 1973), potato cyst nematode (Wenzel and Uhrig, 
1981), and various temperatures (Gebhardt et al., 1981) have been 
obtained. 

Employing anther culture, Nitsch et al. (1969) claimed to have ob¬ 
tained mutants by subjecting young plantlets (whEe emerging from the 
anthers) to various doses (1500-3000 rads) of gamma irradiation. These 
plants showed a high proportion of abnormalities in shape, size, and 
color of the flowers, and some were definitely chimeras. In a further 
study, Nitsch (1972) observed a white-flowered mutant with marmoured 
leaves after growing tobacco anthers on a medium supplemented with 
10'® M N-3-nitrophenyl-N-phenylurea. Devreux and Saccardo (1971) 
subjected flower buds of Nicotiana tabacum cv. Virginia Bright to X- 
rays (1000 R), and the excised anthers were subsequently cultured. 
About 50% of the haploid plants thus obtained were aberrant pheno¬ 
types, and nearly 6% showed chromosomal aberrations. Haploid tobacco 
protoplasts (Galun and Raveh, 1975) and cells (Eapen, 1976) showed 
differential radiosensitivity to ultraviolet and gamma radiations, and 
valine-resistant mutant plants were regenerated from such cultures 
(Bourgin, 1978). 


INDUCTION OF GENETIC VARIABILITY 

The success of any crop improvement program depends on the extent 
of genetic variabEity in the base population. However, because of de¬ 
pletion of the germplasm pools, there is a shrinkage of the genetic re¬ 
sources. In this regard caEus cultures are a rich source of genetic 
variabEity (D'Amato, 1977; Skirvin, 1978). By anther culture not only 
haploids but plants of various ploidy level and mutants can be regener¬ 
ated. Table 7 summarizes the results on the genetic variabEity for 
chromosome number obtained through the ciEture of excised anthers. 
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Table 7. Variation in Chromosome Number of Anther-Derived Callus, 
Protoplasts, and Plants 


PLANT SPECIES 

RANGE IN CHROMO¬ 
SOME NUMBER 

REFERENCE 

Arachis hypogaea 

20, 21-24, 30, 

Bajaj et al., 1981 

(2n = 40) 

40, 60-80 


Atropa belladonna 

36, 72, 108 

Zenkteler, 1971 

(2n = 72) 

A. belladonna (2n = 72) 

36, 72, 132, 200 

Bajaj et al., 1978 

Cajanus cajan (2n = 22) 

8, 10, 11-22, 

23-28 

Bajaj et al., 1980b 

Cicer arietinum 

8, 9, 15, 16, 24, 

Gosal & Bajaj (unpub- 

(2n = 16) 

25-64 

lished) 

Hordeum vulgare (2n = 14) 

7, 14, 28 

Clapham, 1973 

Nicotiana suaveolens x 

10-53 

Guo, 1972 

N. langsdorffi (2n = 50) 

N. tabacum (2n = 48) 

23, 46 

Mattingly & Collins, 
1974 

N. tabacum (2n = 48) 

24, 48, 96 

Novak & Vyskot, 

1975 

N. otophora (2n = 24) 

10, 11, 12, 13, 

24 

Collins et aL, 1972 

Oryza sativa (2n = 24) 

12, 24, 36, 60 

Nishi & Mitsuoka, 

1969 

0. sativa (2n = 24) 

12, 24, 26, 36, 

48, 72, 96 

Chen & Chen, 1980 

Petunia axillaris 

21, 28 

EngvUd, 1973 

(2n = 14) 

P. hybrida (2n = 14) 

7, 14, 21 

Wagner & Hess, 1974 

Solanum tuberosum 

12, 14, 24, 48 

Soporv & Tan, 1979 

(4x = 48) 


The anther-derived callus of Arachis hypogaea and A. villosa (Fig. 
15; Bajaj et al., 1981), Cajanus cajan (Bajaj et al., 1980b), and Cicer 
arietinum (Gosal and Bajaj, unpublished) showed a wide rai^e of 
genetic variability (Fig. 16), as the chromosome number varied from 
haploid to octoploid with abundant aneuploids. Thus, through the 
culture of anthers, desirable plants can be obtained and incorporated 
into the breeding programs. 


SIGNIFICANCE OF HAPLOIDS IN THE EARLY RELEASE OF 
VARIETIES 

The significance of the in vitro production of haploids in cell gene¬ 
tics and plant breeding and thus in agricultural crop and tree improve 
ment programs has already been emphasized (Melchers, 1972; Winton 
and Stettler, 1974; Kasha, 1974; Collins, 1977; Reinert and Bajaj, 1977; 
Nitzsehe and Wenzel, 1977; Hu et aL, 1978; Vasil, 1980; Hermsen and 






Figure 15. Regeneration of plants from anther^erived callus of Ara- 
chis vUlosa (2n = 20). (a) Excised anthers 3 weeks after culture on MS 
+ lAA (22,0 jiM) + KIN (9.3 iiM) showing proliferation. (b,c) Differenti¬ 
ation of shoots from callus subcultured on MS+NAA (5.4 |iM) + BAP (8.8 
|iM). (d) A complete plant obtained from anther callus and transferred 
to a pot (from Bajaj et al., 1981). 


Figure 16 (see p^e 268). Induction of genetic variability in anther- 
derived callus of Cajanus cam and Cicer arietinum’, note the wide 
variation in chromosome number ranging from haploid to polyploid with 
abundant aneuploids (from Bajaj et al., 1980b). 
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Ramanna, 1981), and to go into the details is beyond the scope of this 
article. Some aspects have, however, been discussed under the titles 
of homozygous plants, cryopreservation of haploid cultures, and the 
induction of mutation and genetic variability. Therefore, a summary of 
the most important feature, i.e., the early release of new varieties of 
crops follows. 

The main and foremost advantage of the in vitro production of hap¬ 
loids over the conventional method is the saving of time. By the cul¬ 
ture of anthers and poUen, homozygous plants and thus isogenic lines 
can be produced within a year as compared to the long inbreeding 
method which might take 4-6 years. Based on the anther culture 
method new varieties of rice namely Hiiayu 1, Huayu 2, and Tanfong 1 
(Yin et al., 1976), wheat Lunghua 1 and Huapei 1 (Hu et al., 1978), 
and tobacco Tmyu 1, Tanyu 2, and Tanyu 3 have been released in 
China. In Japan, a superior tobacco variety F 211, resistant to bac¬ 
terial wilt, has been obtained through anther culture. These reports 
have encouraged many a plant breeder to incorporate anther culture in 
breeding methods. It is envisaged that during the next decade the 
impact of anther culture work will be greatly felt in crop improvement 
programs. 


CONCLUSIONS AND PROSPECTS 

During the last decade, progress made in the vitro induction of hap¬ 
loids and their utilization in cell genetics and crop improvement pro¬ 
grams have brought awareness among plant breeders of the use of these 
methods as a powerful tool for the induction of mutations and for the 
quick production of homozygous plants and isogenic lines that would re¬ 
sult in the early release of crop varieties. Although considerable pro¬ 
gress has been made, the main difficulty is still the low frequency of 
haploids produced by the anther culture of various crop plants. A 
logical step, therefore, is to study various factors, both endogenous and 
exogenous, that influence androgenesis. An ideaJ system would, how¬ 
ever, be the direct culture and plating of isolated pollen and their 
protoplasts. This is an area that has potential, and more emphasis 
should be placed on it. This would not only yield large scale produc¬ 
tion of haploids and homozygous plants, but would also facilitate work 
in inducing desirable mutation, transformations, and biochemical gene¬ 
tics. It also has biotechnological potential. The method of monoploid 
production by chromosome elimination shows particular promise, especi¬ 
ally if the technique can be ejctended to crops other than barley and 
wheat. The early release of superior cultivars of rice, wheat, barley, 
and tobacco throi^h anther-derived plants has demonstrated the effi¬ 
cacy of the in vitro methods for these crops. This work should be 
seriously extended to other crops for their improvement. Moreover, 
mutations in haploid cultures could produce high yielding plants that 
are resistant to such elements as disease, salt, drought, and insects. 



270 Basic Techniques of Plant Cell Culture 

KEY REFERENCES 

Bajaj, Y.P^., Reinert, J., and Heberle, E. 1977. Factors enhancing in 
vitro production of haploid plants in anthers and isolated microspores. 
In: La Culture des Tissus et des Cellules des Vegetaux {R.J. Gauth- 
eret, ed.) pp. 47-58. Mason Press, Paris, New York. 

Jensen, C.J. 1977. Monoploid production by chromosome elimination. 
In: Applied and Fundamental Aspects of Plant Cell, Tissue, and 
Organ Culture (J. Reinert and Y.P.S. Bajaj, eds.) pp. 299-330. 
Springer-Verlag, Berlin, Heidelberg, New York. 

Nitseh, C. 1974b. Pollen cultire—A new technique for mass production 
of haploid and homozygous plants. In: Haploids in Higher Plants—Ad¬ 
vances and R>tential (K.J. Kasha, ed.) pp. 123-135. Univ. Guelph 
Press, Guelph. 

Reinert, J. and Bajaj, Y,P.S. 1977. Anther culture: Haploid production 
and its significance. In: Applied and Fundamental Aspects of Plant 
Cell, Tissue, and Organ Culture (J. Reinert and YJ’.S. Bajaj, eds.) 
pp. 251-267. Springer-Verlag, Berlin, Heidelberg, New York. 

Sunderland, N. and Dunwell, J.M. 1977. Anther and pollen culture. In: 
Plant Tissue and Cell Cidture (H.E. Street, ed.) pp, 223-265. Black- 
well, Oxford, 


REFERENCES 

Abo El-Nil, M.M. and Hildebrandt, A.C. 1971. Differentiation of virus- 
symptomless geranium plants from anther callus. Plant Dis. Rep. 55; 
1017-1020. 

_ 1973. Origin of androgenetic callus and haploid geranium 

plants. Can, J. Bot. 51:2107-2109. 

_, and Evert, RJ'. 1976. Effect of auxin-cytokinin interaction on 

organogenesis in haploid callus of Pelargonium hortorum. In Vitro 12: 
602-604. 

Amos, J.A. and Scholl, R.L. 1978. Induction of haploid callus from 
anther of four species of Arabidopsis. Z. Pflanzenphysiol. 90:33-43. 

Anagnostakis, S.L. 1974. Haploid plants from anthers of tobacco-en¬ 
hancement with charcoal. Planta 115:281-283, 

Anand, V.V. and Govindappa, A.K. 1979. In vitro culture of excised 
anthers of Solanum mammoaum L. Indian J. Exp. Biol. 17:444-445. 

Atanasov, A. 1973. Anther culture of tobacco and si^arbeet as a tool 
for producing haploid plants and callus of different ploidy levels. 
Genet. Sel. 6:501-507. 

Babbar, S.B., Mittal, A., and Gupta, S.C. 1980. In vitro induction of 
androgenesis callus formation and organogenesis in Iberis amara Linn, 
anthers. Z. Pflanzenphysiol. 100:409-414. 

Bajaj, YJ*,S, 1972. Protoplast culture and regeneration of haploid 
tobacco plants. Am. J. Bot. 59:647. 

_ 1974a. Induction of repeated cell division in isolated poUen 

mother cells of Atropa belladonna. Plant Sci. Lett. 3:309-312. 



In vitro Production of Haploids 271 

_ 1974b. The isolation, culture and ultrastructure of pollen pro¬ 
toplasts. In: Haploids in Higher Plants: Advances and Potential (K.J. 
Kasha, ed.) pp. 139-140. Dniv. Guelph Pres, Guelph. 

_ 1974e. Isolation and culture studies on pollen tetrad and 

pollen mother cell protoplasts. Plant Sci. Lett. 3:93-99. 

_ 1974d. Possibilities of haploid production from pollen proto¬ 
plasts. Proceedings XIX International Horticultural Congress, p. 54. 
Warsaw. 

_ 1975a. Formation of additional microspores in isolated tetrads 

of Atropa belladotma grown in microcultures. Z. Pflanzenphysiol. 75: 
464-466. 

_ 1975b. Protoplast culture and production of haploids. In: 

Form, Structure and Function in Plants, pp. 107-113. Sarita Praka- 
shan Press, Meerut, India. 

_ 1976a. Gene preservation through freeze-storage of plant cell, 

tissue and organ culture. Acta Hortic. 63:75-84. 

_ 1976b. Regeneration of plants from cell suspensions frozen at 

-20, -70 and -196 C. Physiol, Plant. 37:263-268. 

_ 1977a. In vitro induction of haploids in wheat (Triticwn aesti- 

vum L.). Crop Improv. 4:54-64. 

_ 1977b. Protoplast isolation, culture and somatic hybridization. 

In: Applied and Fundamental Aspects of Plant CeU, Tissue, and 
Organ Culture (J. Reinert and Y,P.S. Bajaj, eds.) pp. 467-496. 
Springer-Verlag, Berlin, Heidelberg, New York. 

_ 1977c. Survival of Atropa and Nicotiana pollen-embryos frozen 

at -196 C. Curr, Sci. 46:305-307. 

_ 1978a. Regeneration of haploid tobacco plants from isolated 

poUen grown in drop culture. Indian J. Exp. Biol. 16:407-409. 

_ 1978b. Effect of super-low temperature on excised anthers and 

poUen-embryos of Atropa, Nicottana, and Petunia. Phytomorphology 
28:171-176. 

- 1978e. Regeneration of plants from pollen-embryos frozen at 

ultra-low temperature—A method for the preservation of haploids. 
In: Proceedings IV International Palynology Conference, Lucknow 
(1976-1977), Vol. 1, pp. 343-346. 

- 1978d. Mass production of haploids from isolated poUen and 

protoplasts, and their preservation by freezing. In; Proceedings 
International Conference Cytogenetics and Crop Improvement, BHU, 
Varanasi. 

- 1979a. Establishment of germplasm banks through freeze-stor¬ 
age of plant tissue culture and their implications in agriculture. In; 
Plant Cell and Tissue Culture—Principles and Applications (W.R. 
Sharp, P.O. Larsen, E.F. Paddock, and V. Raghavan, eds.) pp, 745- 
747. Ohio State Univ. Press, Columbus. 

- 1979b. Technology and prospects of eryopreservation of germ- 

plasm. Euphytica 28:267-285. 

- 1980, Induction of euidrogenesis in the rice anthers frozen at 

-196 C. Cereal Res. Commun. 8:365-369. 

-1981a. Plant genetic conservation through tissue culture. Pro¬ 
ceedings International Workshop Improvement of Tropical Crops 
through Tissue Culture, Dacca Univ., Dacca, Bangladesh, pp, 41-46. 



272 


Basic Techniques of Plant Cell Culture 


_ 1981b. Regeneration of plants from ultra-low frozen anthers of 

Primijla obconica. Sci. Hortic. 14:93-95. 

_ 1981e. Production of disease-resistant plants through cell cul¬ 
ture—A novel approach. J. Nuel. Agric. Biol. 10:1-5. 

_ 1982. Survival of anther- and ovule-derived cotton callus fro¬ 
zen in liquid nitrogen. Curr. Sci. 51:139-140. 

_ and Cocking, E.C. 1972. The isolation and culture of micro¬ 
spore tetrads and microspore mother protoplasts of some angiosperms. 
Proceedings 3rd International Symposium Yeast Protoplast, (Sala¬ 
manca) Spain, p. 79. 

_ and Davey, M.R. 1974. The isolation and ultrastructure of pol¬ 
len protoplasts. In: Fertilization in Higher Plants (H.F. Linskens, 
ed.) pp. 73-80. North-HoUand, Amsterdam. 

- and Pierik, R.L.M. 1974. Vegetative propagation of Freesia 

through eallus cultures. Neth. J. Agric. Sci. 22:153-159. 

- and Reinert, J. 1975. Growth and morphogenesis in isolated 

pollen and their protoplasts. In: XII Botanical Congress, Leningrad, 
p. 278. 

_ and Reinert, J. 1977. Cryobiology of plant cell cultures and 

establishment of gene banks. In: Applied and Fundamental -Aspects 
of Plant Cell, Tissue and Organ Culture W. Reinert and Y.P.S. Bajaj, 
eds.) pp. 757-777. Springer-Verlag, Berlin, Heidelberg, New York. 

- and Singh, H. 1980. In vitro induction of androgenesis in mung 

bean Phaseolus aureus L. Indian J. Exp. Biol. 18:1316-1318. 

-, Davey, M.R., and Grout, B.W. 1975, PoUen tetrad protoplasts: 

A model system for the study of ontogeny of pollen. In: Gamete 
Competition in Plants and Animals (D.L. Mulcahy, ed.) pp. 7-18. 
North-Holland, Amsterdam. 

- , Gosch, G., Ottma, M., Weber, A., and Groebler, A. 1978. Pro¬ 
duction of polyploid and aneuploid plants from anthers and mesophyll 
protoplasts of Atropa belladonna and Nicotiana tabacum, Indian J. 
Exp. Biol. 16:947-953. 

-, Labana, K.S., and Dhanju, M.S, 1980a. Induction of pollen- 

embryos and pollen-callus in anther cultures of Arachis hypogaea and 
A. glabrata. Protoplasma 103:397-399. 

-, Singh, H,, and Gosal, S.S. 1980b. Haploid embryogenesis in an¬ 
ther cultures of pigeon pea (Cajanus caian). Theor. Appl. Genet. 58: 
157-159. 

-, Ram, A.K., Labana, K.S., and Singh, H. 1981. Regeneration of 

genetically variable plants from the anther-derived callus of Arachis 
hypogaea and Arachis villosa. Plant Sci. Lett. 23:35-39. 

--, Sidhu, M.M.S., and GDI, A.P.S. 1982. Some factors affecting 

the in vitro propagation of Gladiolus. Sci. Hortic. 17 (in press). 

Ban, Y., Kokubu, T., and Miyaji, Y. 1971. Production of haploid plants 
by anther ctilture of Setaria italica. BuU. Fac. Agric. Kagoshima 
Univ. 21:77-81. 

Barclay, I.R. 1975. High frequencies of haploid production in wheat 
{Triticum aestivum) by chromosome elimination. Nature 256:410-411. 

Bennett, MJD. and Hughes, W.G. 1972. Additional mitosis in wheat pol¬ 
len induced by Ethrel. Nature 240:566-568. 



In vitro Production of Haploids 273 

Bernard, S. 1980. In vitro androgenesis in hexaploid triticale—Determi¬ 
nation of physical conditions increasing embryoid and green plant 
production. Z. Pflanzenzuchtung 85:308-321. 

Bhojwani, S.S. and Cocking, E.C. 1972. Isolation of protoplasts from 
pollen tetrads. Nature New Biol. 239:29-30. 

Bhojwani, S.S., Dunwell, J.M., and Sunderland, N. 1973. Nucleic acid 
and protein contents of embryogenie tobacco pollen. J. Exp. Bot. 
24:863-871. 

Binding, H. 1972. Nuclear and cell divisions in isolated pollen of Petu¬ 
nia hybrida in agar suspension cultures. Nature New Biol. 237:283- 
285. 

_ 1974a. Cell cluster formation by leaf protoplasts from axenic 

cultures of haploid Petunia hybrida L. Plant Sci. Lett. 2:185-188. 

_ 1974b. Mutation in haploid cell cultures. In; Haploids in High¬ 
er Plants—Advances and Potential (K.J. Kasha, ed.) pp. 323-337. 
Univ. Guelph Press, Guelph. 

_ 1978. Regeneration of mesophyll protoplasts isolated from di- 

haploid clones of Solcmum tuberosum. Physiol. Plant. 43:52-54. 

_, Binding, K., and Straub, J. 1970. Selektion in Gewebekulturen 

mit haploiden Zellen. Naturwissenschaften 57:138-139. 

Blakeslee, A., Belling, J., Farnham, M.E., and Bergner, AJD. 1922. A 
haploid mutant in Datura stramonium. Science 55:646-647. 

Bonga, J.M. 1974. In vitro culture of microsporophylls and megagam- 
etophyte tissue of Pinus. In Vitro 9:270-277. 

_and Mclnnis, A.H. 1975. Stimulation of callus development from 

immature pollen of Pinus resinosa by centrifugation. Plant Sci. Lett. 
4:199-203. 

Bourgin, J.P. 1978. Valine-induced inhibition of growth of haploid 
tobacco protoplasts and its reversal by isoleucine. Z. Naturforseh. 
31:337-338. 

_ and Missonier, C. 1978. Culture of mesophyll {a-otoplasts of 

haploid Nicotiana alata Link and Otto. Incompat. Newsl. 9:25-30, 

_ and Nitsch, J.P. 1967. Obtention de Nicotiana haploides a 

partir d’etamines cultivees in vitro. Ann. Physiol. Veg. (Paris) 9:377- 
382. 

Burk, L.G., Gwynn, G.R., and Chaplin, J.F. 1972. Diploidized haploids 
from aseptically cultured anthers of Nicotiana tabacum. A colchicine 
method applicable to plant breeding. J. Hered. 63:355-360. 

Butler, E.E. and Bolkan, H. 1973. A medium for heterokaryon forma¬ 
tion in Rhizotonia solani. Phytopathology 63:542-543. 

Butterfass, Th. and Kohlenbach, H.W. 1979. Monosomies of diploid 
Nicotiana sylvestris produced at will by androgenesis. Naturwissen¬ 
schaften 66:162. 

Cappadocia, M. and Ramulu, K.S. 1980. Plant regeneration from in 
vitro cultures of anthers and stem internodes in an interspecific 
hybrid, Lycopersicon esculentum L. x L. peruvianum Mill, and 
cytogenetic analysis of the regenerated plants. Plant Sci. Lett. 20: 
157-166. 

Carlson, P. 1970. Induction and isolation of auxotrophic mutants in so¬ 
matic cultures of Nicotiana tabacum. Science 168:487-489. 



274 Basic Techniques of Plant Cell Culture 

_ 1973. Methionine sulfoximine-resistant mutants of tobacco. 

Science 180:1366, 

Chaleff, R.S. and Stolarz, A. 1981. Factors influencing the frequency 
of callus formation among cultured rice (Oryza sativa) anthers. 
Physiol. Plant. 51:201-206. 

Chang, Z. and Hong-Yuan, Y. 1981. Induction of haploid rice plantlets 
by ovary culture. Plant Sci. Lett. 20:231-237. 

Chase, S.S. 1969. Monoploids and monoploid-derivatives of maize (Zea 
mays L.). Bot. Rev. 35:117-167. 

Chen, C.-C. 1978. Effects of sucrose concentration on plant production 
in anther culture of rice. Crop Sci. 19:905-906. 

_ and Chen, C.-M. 1980. Changes in chromosome number in 

microspore callus of rice during successive subcultures. Can. J. 
Genet. CytoL 22:607-614. 

Chen, C.H., Chen, F.T., Chien, C.F., Wang, C.H., Chang, S.J., Hsu, 
H.E., Ou, H.H., Ho, Y.T., and Lu, T.M. 1979. A process for obtain¬ 
ing pollen plants of Hevea brasilliensis Muell-Arg. Sci. Siniea 22:81- 
90. 

Chinese Workers, 1976. A sharp increase of the frequency of pollen 
plant induction in wheat with potato medium. Acta. Genet. Siniea 
3:25-31. 

Clapham, D. 1971. In vitro development of callus from the pollen of 
Lolium and Hordeum. Z. Pflanzenzuchtg. 65:285-292. 

_ 1973. Haploid Hordeum plants from anthers in vitro. Z. Pflan- 

zenzuchtg. 62:305-310. 

_ 1977. Haploid Induction in cereals. In: Applied and Funda¬ 
mental Aspects of Plant Cell, Tissue, and Organ Culture (J. Reinert 
and Y.P.S. Bajaj, eds.) pp. 279-298. Springer-Verlag, Berlin, Heidel¬ 
berg, New York. 

Clowes, F.L. and Juniper, B.E. 1968. Plant Cell Botanical Monographs 
8, Blackwell, Oxford. 

Collins, G.B. 1977. Production and utilization of anther-derived hap- 
loids of two Nicotiana species. J. Hered. 63:113-118. 

_ and Sunderland, N. 1974. Pollen-derived haploids of Nicotiana 

knightiana, N. raimondii and N. attenuata. J. Exp. Bot. 25:1030- 
1039. 

Corduan, G. 1975. Regeneration of anther-derived plants from Hyo- 
scyamus niger L. Planta 127:27-36. 

_ and Spix, C. 1975. Haploid callus and regeneration of plants 

from anthers of Digitalis purpurea L. Planta 124:1-11. 

D’Amato, F. 1977. Cytogenetics of differentiation in tissue and ceU 
cultures. In: Applied and Fundamental Aspects of Plant Cell, Tissue, 
and Organ Culture (J. Reinert and Y.P.S. Bajaj, eds.) pp. 343-357. 
Springer-Verlag, Berlin, Heidelberg, New York. 

Day, A.W. and Jones, J,K, 1971. p-Fluorophenylalanine-induced mitotic 
haploidization in Ustilago vfoZacea. Genet. Res. 18:299-309. 

Deanon, J.R. 1957. Treatment of sweet corn silks with maleic hydraz- 
ide and colchicine as a means of increasing the frequency of mono¬ 
ploids, FhiHipp. Agric. 41:364-377. 

Debergh, P. and Nitsch, C. 1973. Premiers resultans sur la culture in 
vitro de grains de poUen isoles chez la tomate. CJEl. Acad. Sci. Ser. 
D. 276:1281-1284. 



In vitro Production of Haploids 275 

De Buyser, J. and Henry, Y. 1980. Induction of haploid and diploid 
plants through in vitro anther culture of haploid wheat (n = 3x = 
21). Theor. Appl. Genet. 57:57-58. 

De Mol, W.E. 1923. Duplication of generative nuclei by means of phy¬ 
siological stimuli and its significance. Genetics 5:225-227. 

De Paepe, R., Bleton, D., and Gnangbe, F. 1981. Basis and extent of 
genetic variability among doubled haploid plants obtained by poRen 
culture in Nicotima sylvestris. Theor. Appl. Genet. 59:177-184. 

Devreux, M. and Saecardo, F. 1971. Mutazioni spermimentali observate 
su piante aploidi di tabaceo ottenute per colture in vitro di antere 
irradiate. Atti. Assoc. Genet. Ital. 16:69-71. 

Devreux, M., Laneri, U., and Brunori, A. 1971. Plantes haploids et 
lignes isogeniques de Nicotiana tabacum obtenues par cultures d'an- 
thers et tiges in vitro. Caryologia 24:141-148. 

Dix, P.J. and Street, H.E. 1974. Effects of p^uorophenylalanine on the 
growth of cell lines differing in ploidy and derived from Nicotiana 
sylvestris. Plant Sci. Lett. 3:283-288. 

_ 1976. Selection of plant cell lines with enhanced chilling resis¬ 
tance. Ann. Bot. 40:903-910. 

Dodds, J.H. and Reynolds, T.L. 1980. A scanning electron microscope 
study of pollen embryogenesis in Hyoscyamus niger Z. Pflanzenphysiol. 
97:271-276. 

Dore Swamy, R. and Chacko, E.K. 1973. Induction of plantlets and 
callus from anthers of Petunia axillaris (Lam.) B.S.P. cultured in 

vitro. Hortic. Res. 13:41-44. 

Drira, N, and Bendadis, A. 1975. Analysis of the androgenetic potenti¬ 
alities of two Citrus species (C. medico L. and C. Limon (L) Burm.) 
by anther culture. C.R. Acad. Sci. Ser. B 281:1321-1324. 

Dunwell, J.M. and Sunderland, N. 1973. Anther culture of Solonum 
tuberosum L. Euphytiea 22:317-323. 

_ 1974a. Pollen ultrastructure in anther culture of Nicotiana 

tabacum. I. Early stages of culture. J. Exp. Bot. 25:352-361. 

_ 1974b. PoUen ultrastructure in anther culture of Nicotiana 

tabacum. II. Changes associated with embryogenesis. J. Exp. Bot. 
25:363-373. 

_ 1975. PoUen ultrastructure in anther culture of Nicotiana 

tabacum. III. The first sporophytic division. J. Exp. Bot. 26:240- 
252. 

Durr, A. and Fleck, J. 1980. Production of haploid plants of Nicotiana 
langsdorffii. Plant Sci. Lett. 18:75-79. 

Eapen, S. 1976. Effect of gamma- and ultraviolet-irradiation on survi¬ 
val and totipotency of haploid tobacco cells in culture. Protoplasma 
89:149-155. 

Eigsti, O.J. and Dustin, P. 1955. Colchicine in Agriculture, Medicine, 
Biology and Chemistry. Iowa State CoUege Press. Ames. 

Elsik, W.C. 1971. Microbiological degradation of sporopoUenin. In; 
SporopoUenin (J. Brocks, PJEL Grant, M. Muir, P. van Gijzel, and G. 
Shaw, eds.) pp. 480-511. Academic Press, New York. 

Ei^vild, K.C. 1973. Triploid petunias from anther cultures. Hereditas 
74:144-147. 



276 


Basic Techniques of Plant Cell Culture 


_ 1974. Plantlet ploidy and flower-bud size in tobacco anther 

cultures. Hereditas 76:320-322. 

_, Linde-Laursen, I., and Lundquist, A. 1972. Anther cultures of 

Datura innoxta: Flower bud stage and embryoid level of ploidy. 
Hereditas 72:331-332. 

Ernst, R. 1974. The use of activated charcoal in asymbiotic seedling 
culture of Paphiopedilum. Am. Orchid Soc. BuU. 43:35-38. 

Faegri, K. and Iversen, J. 1964. Textbook of PoUen Analysis. Munks- 
gaard, Copenhagen. 

Fitch, M.M. and Moore, P.M. 1981. Anther culture production of ha- 
ploids from Saccharum spontaneuw, a tropical grass related to 
sugarcane. Plant Physiol. (Suppl.) 4:137 (abstract). 

Forche, E., Kibler, R., and Neumann, K,-H. 1981. The influence of de¬ 
velopmental stages of haploid and diploid callus cultures of Datura 
imoxia on shoot initiation. Z, Pflanzenphysiol. 101:257-262. 

Fowler, C.W,, Hughes, H.G., and Janick, J. 1971. Callus formation 
from strawberry anthers. Hortic. Res. 11:116-117. 

Fridborg, G. and Eriksson, T. 1975. Effects of activated charcoal on 
growth and morphogenesis in cell cultures. Physiol. Plant. 34:306- 
308. 

Fujii, T. 1970. Callus formation in wheat anthers. Wheat Inf. Serv. 
31:1-4. 

Furner, I.J., King, J., and Gamborg, O.L. 1978. Plant regeneration 
from protoplasts isolated from a predominantly haploid suspension 
culture of Datura irmoxia (MUl). Plant Sci. Lett. 11:169-176. 

Galun, E. and Raveh, D. 1975. In vitro culture of tobacco protoplasts; 
Survival of haploid and diploid protoplasts exposed to X-ray radiation 
at different times after isolation. Radiat. Bot. 15:79-82. 

Gamborg, O.L., MUler, R.A., and Ojima, 0. 1968. Nutrient require¬ 
ments of suspension cultures of soybean root cell. Exp. Cell Bes. 
50:151-158. 

Gebhardt, C., Schnebli, V., and King, P.J. 1981. Isolation of biochemi¬ 
cal mutants using haploid mesophyll protoplasts of Hyoscyamus 
muticus II. Auxotrophic and temperature-sensitive clones. Plants 
153:81-89. 

Geier, T. and Kohlenbach, H.W. 1973. Development of embryos and em¬ 
bryonic callus from pollen grains of Datura metaloides and D. irmoxia. 
Protoplasma 78:381-396. 

Geitler, L. 1961. Embryosacke aus PoUenkornern bei Ornithocalum. 
Ber. Dtsch. Bot. Ges. 59:419-423. 

George, L. and Narayanaswamy, S. 1973. Haploid Capsicum through 
experimental androgenesis. Protoplasma 78:467-470, 

Georgiev, G. and Chavdarov, L. 1974. Genet. Sel. 7:404-415. 

Gherardini, G.L. and Healey, P.L. 1969, Dissolution of outer wall of 
pollen grain during pollination. Nature 224:218-219. 

Gressel, J., Zilkah, S., and Ezra, G. 1978. Herbicide action, resistance 
and screening in cultures vs. plants. In: Frontiers of Plant Tissue 
Culture 1978 (T.A, Thorpe, ed.) pp. 427-436. Univ. Calgary Press, 
Calgary. . 

Gresshoff, P.M. and Doy, C.H, 1972a. Development and differentiation 
of haploid Lycopersicon esculentum (tomato). Plants 107:161-170. 



In vitro Production of Haploids 277 

_ 1972b. Haploid Arabidopsis thalima callus and plants from 

anther culture, Aust. J. Biol. Sci. 25:259-264. 

_ 1974. Derivation of a haploid ceU line from Vitus vinifera and 

the importance of the stage of meiotie development of anthers for 
haploid culture of this and other genera. Z. Pflanzenphysiol. 73:132- 
141. 

Guha, S. and Maheshwari, S.C. 1964. In vitro production of embryos 
from anthers of Datura. Nature 204:497. 

_ 1967. Development of embryoids from pollen grains of Datura in 

vitro. Phytomorphology 17:454-461. 

Guha-Mukherjee, S. 1973. Genotypic differences in the in vitro forma¬ 
tion of embryoids from rice pollen. J. Exp. Bot. 24:139-144. 

Guo, C. 1972. Effects of chemical and physical factors on the chromo¬ 
some number in Nicotiona anther callus cultures. In Vitro 7:381-386. 

Gupta, N. and Carlson, P.S. 1972. Preferential growth of haploid plant 
cells in vitro. Nature New Biol, 239:86. 

Gupta, S.C. and Babbar, S.B. 1980. Enhancement of plantlet formation 
in anther cultures of Datura metel L. by pre-chilling of buds. Z. 
Pflanzenphysiol. 96:465-470. 

Guy, 1., Raquin, C., and de Marley, Y. 1979. Haploid and diploid 
plants obtained in vitro from egg plant anthers (Solarium melongena). 
C.R. Acad. Sci. 288:987-989. 

Harn, C. 1971. Studies on the anther culture in Solarium nigrum. 

SABRAO Newsl. 3:39-42. 

_ 1972. Production of plants from anthers of Solonum nigrum cul¬ 
tivated in vitro. Caryologia 25:429-437. 

_ and Kim, M.Z. 1972. Induction of callus from anthers of Prunus 

armenica. Korean J. Breed, 4:49-53. 

Heinz, D.J., Krishnamurthi, M,, Nickell, L.G., and Maretzki, A. 1977. 
Cell, tissue and organ culture in sugarcane improvement. In: Ap¬ 
plied and Fundamental Aspects of Plant Cell, Tissue and Organ Cul¬ 
ture (J. Reinert and y.P.S. Bajaj, eds.) pp. 3-17. Springer-Verlag, 
Berlin, Heidelberg, New York. 

Hepler, P.K. and Palevitz, B.A. 1974. Microtubules and microfilaments. 
Annu. Rev. Plant Physiol. 25:309-362. 

Hermsen, J.G.T. and Ramanna, M.S. 1981. Haploidy in plant breeding. 
Philos. Trans. R. Soe. London. Ser. B 292:499-507. 

Hesemann, C.U. 1980. Haploid cells in calli from anther culture of 
Vicia faba. Z. Pflanzenzuech. 84:18. 

Hess, D. and Wagner, G. 1974. Induction of haploid parthenogenesis in 
Mimulus luteus by in vitro pollination with foreign pollen. Z. Pflan¬ 
zenphysiol. 72:466-468. 

Hirabayashi, T., Kozaki, I., and Akihama, T. 1976. In vitro differentia¬ 
tion of shoots from anther callus in Vitis. Hortic. Sci. 11:511-512. 

Hlasnikova, A. 1977. Androgenesis in vitro evaluated from the aspects 
of genetics. Z. Pflanzenzuech. 78:44-56. 

Ho, K.M. and Kasha, K.J. 1975. Genetic control of chromosome elimi¬ 
nation during haploid formation in barley. Genetics 8:263-275. 

Hondelmann, W. and Wilberg, B. 1973. Breeding all male varieties of 
asparagus by utilization of anther culture and tissue culture. Z. 
Pflanzenzuech. 69:19-24. 



278 


Basic Techniques of Plant Cell Culture 


Hu, H., Hsi, T.Y., Tseng, C.C., Quyang, T.W., and Ching, C.K. 1978. 
Application of anther culture to crop plants. In; Frontiers of Plant 
Tissue Culture (T.A. Thorpe, ed.) pp. 123-130. Univ. Calgary Press, 
Calgary. 

Hughes, K.W., Bell, S.L., and Caponetti, J.D. 1975. Anther-derived 
haploids of the African violet. Can. J. Bot. 53:1442-1444. 

Irikura, Y. and Sakaguchi, S, 1972. Induction of 12 chromosome plants 
from anther culture in a tuberous Solonum verrucosum. Potato Res. 
15:170-173. 

_ 1975. Induction of haploid plants by anther culture in tuber- 

bearing species and interspecific hybrids of Solarium, Potato Res. 18: 
133-140. 

Ivers, D.R., Palmer, R.G„ and Fehr, W.R. 1974. Anther culture in soy¬ 
beans. Crop. Sci. 14:891-893. 

Iyer, R.D. and Raina, S.K. 1972. The early ontogeny of embryoids and 
callus from pollen and subsequent organogenesis in anther cultures of 
Datura metel and rice. Planta 104:146-156. 

Izhar, S. 1973. Cell budding and fission in microspores of Petunia. 
Nature 244:35-37. 

Jensen, C.J. 1974. Production of monoploids in barley: A progress re¬ 
port. In: Polyploidy and Induced Mutations in Plant Breeding, pp. 
167-169. Int. Atomic Energy Agency, PL-503/24. 

Johansson, L. and Eriksson, T. 1977. Induced embryo formation in 
anther cultures of several Anemone species. Physiol. Plant. 40:172- 
174. 

Jordan, M. 1974. Multizellulare poUen bei Primus avium nach in vitro. 
Z. Pflanzenzuech, 71:358-363. 

Kameya, T. and Hinata, K. 1970. Induction of haploid plants from pol¬ 
len grains of Brassica, Jpn. J. Breed. 20:82-87. 

Kanta, K. 1960. Intra-ovarian pollination in Papaver rhoeas. Nature 
188:683-684. 

_ and Maheshwari, P. 1963. Intraovarian pollination in some 

Papaveraceae. Phytomorphology 13:215-229. 

Kao, K.N. 1981. Plant formation from barley anther cultures with 
Ficoll media. Z. PQanzenphysiol. 103:437-443. 

Kasha, K.J. (ed.) 1974. Haploids in Higher Plants: Advances and Poten¬ 
tial. Univ. Guelph Press, Guelph. 

_and Kao, K.N. 1970. High frequency haploid production in bar¬ 
ley (Hordeum vulgare L,). Nature 225:874-876. 

Kasperbauer, M.J. and Collins, G.B. 1972. Reconstitution of diploids 
from leaf tissue of anther-derived haploids in tobacco. Crop Sci. 12! 
98-101. 

Kasperbauer, M.J., Buckner, R.C., and Springer, WJ). 1980. Haploid 
plants by anther-panicle culture of taU Fescue. Crop Sci. 20:103. 

Kato, Y. 1973. Active charcoal and vermiculite. Effective egents on 
growth and morphogenesis of fern gametophytes. Phytomorphology 23: 
260-263. 

Keller, W.A. and Armstrong, K.C. 1977. Embryogenesis and plant 
regeneration in Brassica napus anther cultures. Can. J. Bot. 
55:1383-1388. 



In vitro Production of Haploids 279 

_ 1979. Stimulation of embryogenesis and haploid production in 

Brassica campestris anther cultures by elevated temperature treat¬ 
ments, Theor. Appl. Genet. 55:65-67. 

Keller, W.A. and Stringam, GJl. 1978. Production and utilization of 
microspore-derived haploid plants. In; Frontiers of Plant Tissue Cul¬ 
ture (T.A. Thorpe, ed.) pp. 113-122. Calgary Univ. Press, Calgary. 

Keller, W.A., Rajpathy, T., and Lacapre, J. 1975. In vitro production 
of plants from pollen in Brassica campestris. Can, J. Genet. Cytol. 
17:655-666. 

Keller, W.A., Armstrong, K.C., and de la Roche, l.A. 1981. The pro¬ 
duction and utilization of mierospore-derived haploids in cruciferous 
crop species. Proceedings International Symposium Plant Cell Culture 
in Crop Improvement, Calcutta. 

Kimata, M. and Sakamoto, S. 1972. Production of haploid albino plants 
of Aegilops by anther culture. Jpn. J. Genet. 47:61-63. 

Kimber, G. and Riley, R. 1963. Haploid angiosperms. Hot. Rev. 29: 
480-631. 

Klein, B. and Bopp, M. 1971. Effect of activated charcoal in agar on 
the culture of lower plants. Nature 230:474. 

Kochhar, T., Sabharwal, P., and Engelberg, J. 1971. Production of 
homozygous diploid plants by tissue culture technique. J. Hered. 62; 
59-61. 

Kohlenbaeh, H.W. and Geier, T. 1972, Embryonen aus in vitro kulti- 
vierten Antheren von Datura meteloides Dun, Datura wrightii Regel 
and Solarium tuberosum. L. Z. Pflanzenphysiol, 67:161-165. 

Konar, R.N. 1963. A haploid tissue from the pollen of Ephedra foliata 
Boiss. Phytomorphology 13:170-174, 

Kubicki, B., Telezynska, J., and Milewska-Pawliczuk, E. 1975. Induc¬ 
tion of embryoid development from apple pollen grains. Acta Soc. 
Bot. Pol. 44:631-635. 

Kuo, J.S., Wang, Y.Y., Chien, N.F., Ku, S.J., Kung, M.L., and Hsu, H.C. 
1973. Investigations on the anther culture in vitro of Nicotiona 
tabacum L. and Capsicum annuum L. Actoa Bot. Sininca 15:36-52. 

Ladeinde, T.A. and Hiss, F.A. 1977. A preliminary study on the pro¬ 
duction of plantlets from anthers of cowpea. Trop. Grain Legume 
BuU. 8:13. 

Levan, A. 1945. A haploid sugar beet after colchicine treatment. 
Hereditas 31:399-410. 

Levenko, B.A., Kunakh, V.A., and Yurkova, G.N. 1977. Studies on 
callus tissue from anthers. I. Tomato. Phytomorphology 27:377-383. 

Lower, R.L. and Miller, C,H. 1969. Ethrel (2-ehloroethanephosphonic 
acid) a tool for plant hybridizers. Nature 22:1072-1073. 

MacDonald, I.M, and Grant, W.F. 1974. Anther culture of pollen con¬ 
taining ethrel induced micronuclei. Z. Pflanzenzuech. 73:292-297. 

Magoon, M.L. and Khanna, KJt. 1963. Haploids. Caryologia 16:191- 
235. 

Maheshwari, P. 1950, An Introduction to the Embryology of Angio¬ 
sperms. McGraw-HiR, New York. 

_and Rai^aswamy, N.S. 1965. Embryology in relation to physiol¬ 
ogy and genetics. In; Advances in Botanical Research {RJD. Preston, 
ed.) p. 219. Academic Press, New York. 



280 Basic Techniques of Plant Cell Culture 

Maheshwari, S.G., Tyagi, A.K., and Malhotra, K. 1980. Induction of 
haploidy from pollen grains in angiosperms—The current status. 
Theor. Appl. Genet. 58:193-206. 

Maliga, P., Breznovits, A.S.j and Marton, L. 1973a. Streptomycin-resis¬ 
tant plants from callus culture of haploid tobacco. Nature New Biol. 
244:29. 

Maliga, P., Marton, L., and Breznovits, A.S. 1973b. 5-bromodeoxy-uri- 
dine-resistant cell lines from haploid tobacco. Plant Sci. Lett. 1:119- 
121 . 

Matthews, P.S. and VasB, I.K. 1975. The dynamics of cell proliferation 
in haploid and diploid tissues of Nicoticaia tabacum. Z. Pflanzen- 
physiol. 77:222-236. 

Mattingly, C.F. and Collins, G.B. 1974. Use of anther-derived haploids 
in Nicotiana III. Isolation of nuUisomies from monosomic lines. 
Chromosoma 46:29-36. 

Melchers, G. 1972. Haploid higher plants for plant breeding. Z. Pflan- 
zenzuech. 67:19-32. 

_ and Labib, G. 1970. Die Bedeutung haploider hoehrer Pflanzen 

fuer Pflanzenphysiologie und Pflanzenzuechtung. Durch Antherenkultur 
erzeugte. Haploide, ein neuer Durchbruch fuer die 

Pflanzenzuechtung. Ber. Dtsch. Bot. Ges. 83:129-150. 

Michellon, R., Hugard, J., and Jonard, R. 1974. Sur I’isolement de col¬ 
onies tissulaires de pecher {Primus persica Batsch, cultivars Dixired 
et Nectared iv) et Amandier Prunus amygdcdus Stokes cultivar 'A 1), 
a partir d' antheres cultivees in vitro. C.R. Acad. Sci. Ser. D 278; 
1719-1722. 

Mitchell, A.Z., Hanson, M.R., Skvirsky, R.C., and Ausubel, F.M. 1980. 
Anther culture of Petunia: Genotypes with high frequency of callus, 
root or plantlet formation. Z. Pflanzenphysiol. 100:131-146. 

Mokhtarzadeh, A. and Constantin, M.J. 1978. Plant regeneration from 
hypocotyl and anther-derived c^us of Barseem clover. Crop Sci. 18; 
567-572. 

Mroginski, L.A. and Fernandez, A. 1980. Obtainment of plantlets by in 
vitro culture of anthers of wild species of Arachis (Leguminosae). 
Oleagineux 35:89-92. 

Muentzing, A. 1937. Note on a haploid rye plant. Hereditas 23:401. 

Murakami, M., Takahashi, N., and Harada, K. 1972. Induction of 
haploid plant by anther culture in maize. I. On the callus formation 
and root differentiation. Kyoto Prefect Univ. Fac. Agric. Sci. Rep. 
24:1-8. 

Murashige, T. and Skoog, F. 1962. A revised medium for rapid growth 
and bioassays with tobacco tissue cultures. Physiol. Plant. 15:473- 
497. 

Murgai, P. 1959. In vitro culture of the inflorescences, flowers and 
ovaries of an apomict, Aerva tomentosa Forsk. Nature 184:72-73. 

Nabors, M.W., Gibbs, S.E., Bernstein, C.S., and Meis, M.E. 1980. NaCl- 
tolerant tobacco plants from cultured cells. Z. Pflanzenphysiol. 97: 
13-17. 

Naithani, S.P. 1937. Chromosome studies in Hyacintbus orientalis L. 
III. Reversal of sexual state in the anthers of H. orientalis L. var. 
Yellow Hammer, Ann. Bot. 1:369-377. 



In vitro Production of Haploids 281 

Nakata, K. and Tanaka, M. 1968. Differentiation of embryoids from 
developing germ cells in anther culture of tobacco. Jpn. J. Genet. 
43:65-71. 

Narayanciswamy, S. and Chandy, L.P. 1971. In vitro induction of hap¬ 
loid, diploid and triploid androgenic embryoids and plantlets in Datura 
metel L. Ann, Bot. 35:535-542. 

Narayanaswamy, S. and George (nee Chandy) L. 1972. Morphogenesis 
of belladonna (Atropa belladonna L.) plantlets from poUen in culture. 
Indian J. Exp. Biol. 10:382-384. 

Nemec, B. 1898. Ueber den Pollen der petaloiden Antheren von Hya- 
cintbus orientalis L. Hozp. Cesk. Akad. Prag. II 7:17. 

Niizeki, H. 1968. Induction of haploid rice plant from anther culture. 
Jpn. Agric. Res. Q. 3:41-45. 

Niizeki, M. and Grant, W.F. 1971. Callus, plantlet formation and poly¬ 
ploidy from cultured anthers of Lotus and Nicotlana. Can. J. Bot. 
49:2041-2051, 

Niizeki, M. and Kita, F, 1974. Studies on plant cell and tissue culture 
III. In vitro induction of callus from anther culture of forage crops. 
J. Fac. Agric. Hokkaido Univ. 57:293-300, 

Nishi, T. and Mitsuoka, S. 1969, Plants from anther and ovary culture 
of rice plant. Jpn. J. Genet. 44:341-346. 

Nitsch, C. 1974. La culture de poEen isole sur milieu synthetique. 
C.R, Acad. Sci. Ser. D 278:1031-1034. 

_ 1975. Single cell culture of a haploid cell: The microspore. 

In: Genetic Manipulations with Plant Material (L. Ledoux, ed.) pp. 
297-310. Plenum Press, London. 

_ 1977. Culture of isolated microspores. In: Applied and Funda¬ 
mental Aspects of Plant Cell, Tissue, and Organ Culture (J. Reinert 
and Y.P.S. Bajaj, eds.) pp, 268-278. Springer-Verlag, Berlin, Heidel¬ 
berg, New York. 

_ and Norreel, B. 1973a. Effect d'un choc thermique sur le pou- 

voir embryogene du pollen de Datura irmoxia cultive dans I’anthere 
ou isole de I'anthere. C.R. Acad. Sci. Ser. D 276:303-306. 

_ and Norreel, B. 1973b. Factors favouring the formation of an- 

drogenetic embryos in anther culture. In: Genes, Enzymes and Popu¬ 
lations (Adrian M. Srb, ed.) pp. 129-144. Plenum, New York. 

Nitsch, J.P. 1951. Growth and development in vitro of excised ovaries. 
Am. J. Bot. 38:566-577. 

_ 1969. Experimental androgenesis in Nicotlana. Phytomorphol¬ 
ogy 19:389-404. 

_ 1972. Haploid plants from pollen. Z. Pflanzenzueehtung. 67:3- 

18. 

_ and Nitsch, C. 1969. Haploid plants from pollen grains. 

Science 163:85-87. 

_, Nitsch, C., and Hamon, S. 1969. Production de Nicotiona di- 

ploides a partir de cals haploides cultives in vitro. C.R. Acad. Sci. 
Ser. D 269:1275-1278. 

Nitzsche, W. 1970. Herstellung haploider Pflanzen aus Festuca lolium 
Bastarden. Naturwissenschaften 57:199-200. 

- and Wenzel, G. 1977. Haploids in plant breeding. Verlag Paul 

Pary, Berlin. 



282 Basic Techniques of Plant Cell Culture 

Noerdenskiold, H. 1939. Studies of a haploid rye plant. Hereditas 28; 
204-210. 

Norreel, B. 1970. Etude cytologique de I'androgenese experimentale 
Chez Nicotiona tabacum et Datura imoxia, BuU. Soe. Bot. Fr. 117; 
461-478. 

Novak, F.J. 1974. Induction of a haploid callus in anther cultures of 
Capsicum sp. Z. Pflanzenzuech. 72;46-54. 

_and Vyskot, B. 1975. Karyology of callus cultures derived from 

Nicotiona tabacum L. haploids and ploidy of regenerants. Z. Pflan¬ 
zenzuech. 75;62-70. 

Ohyama, K. and Nitseh, J.P. 1972. Flowering haploid plants obtained 
from protoplasts of tobacco leaves. Plant Cell Physiol. 13:423-428. 

Ono, H. and Barter, E.N. 1976. Anther culture of Triticole. Crop Sci. 
16:120-121. 

Ono, K. and Tsukida, T. 1978. Haploid callus formation from anther 
cultures in a cultivar of Paeonio. Jpn. J. Genet. 53:51-54. 

Opatrny, Z., Dostal, J., and Martineck, V. 1977. Anther culture of 
maize. Biol. Plant. 19:477. 

Ouyang, T.-W., Hu, H., Chuang, C.-C., and Tseng, C.-C. 1973. Induc¬ 
tion of pollen plants from anthers of Triticum aestivum L. cultured in 
vitro. Sci. Sinica 16:79-95. 

Parmentier, G. 1970. L’incorporation de charbon actif aux milieux de 
culture de Phytophthora infestans. Parasitica 26:31-40. 

Pelletier, G. 1973. Les conditions et les premiers standes de I'andro¬ 
genese in vitro chez Nicotiona tabacum, Mem. Soc. Bot. Fr. 1973: 
261-268. 

_, Raquin, C., and Simon, G. 1972. La culture in vitro d’anthere 

d'Asperge (.Asparagus officirmlis). C.R. Acad. Sci. Ser. D 274:848-851. 

Peters, J.E., Crocomo, O.J., Sharp, W.R,, Paddock, E.F., Tegenkamp, 1., 
and Tegenkamp, T. 1977. Haploid callus cells from anthers of 
Phaseolus •vulgaris. Phytomorphology 27:79-85. 

Picard, E. 1973. Influence de modifications dans les correlations in¬ 
ternes sur le devenir du gametophyte male de Triticum aestivum L. 
in situ et en culture in vitro. CJR. Acad. Sci. Ser. D 277:777-780. 

- and de Buyser, J. 1973. Obtension de plantules haploides de 

Triticum aestivum L. a partir de culture d'antheres in vitro. C.R. 
Acad. Sci. Ser. D 277:1463-1466. 

Povolochko, P.A. 1937. Experimental production of haploid plants in 

the genus Nicotiona. BuU. Appl. Bot. Genet. Plant Breed. Ser. II 

7:175-190. 

Proskauer, J. and Berman, R. 1970. Agar ciUture medium modified to 
approximate soil conditions. Nature 227:1161. 

Quazi, H.M. 1978. Regeneration of plants from anthers of Broccoli 
(B-asstca oleracea L.), Ann. Bot. 42:473-475. 

Radojevic, L. 1978. In vitro induction of androgenic plantlets in Aes- 
culus hippocastanim. Protoplasma 96:369-374. 

Raghavan, V. 1975. Induction of haploid plants from anther culture of 
henbane. Z. Pflanzenphysiol. 76:89-92. 

_ 1978. Origin and development of poUen embryoids and poUen 

caUuses in cultured anther segments of Hyoscyamus niger (Henbane). 
Am. J. Bot. 65:982-1002. 



In vitro Production of Haploids 283 

Raina, S.K. and Iyer, KJ3. 1973. Differentiation of diploid plants from 
pollen callus in anther cultures of Solonum melongena L. Z. Pflanzen- 
zuech. 70:275-280. 

Rajasekaran, K. and Mullins, M.G. 1979. Embryos and plantlets from 
cultured anthers of hybrid grapevines. J. Exp. Bot. 30:399-407. 

Ram, M. 1959. Occurrence of embryo sac-like structures in the micro- 
sporangia of Leptomeria billardierri R. Br. Nature 184:914. 

Rangaswamy, N.S. 1977. Applications of in vitro pollination and in vit¬ 
ro fertilization. In; Applied and Fundamental Aspects of Plant Cell, 
Tissue, and Organ Culture (J, Reinert and Y.P.S. Bajaj, eds.) pp. 412- 
415. Springer-Verlag, Berlin, Heidelberg, New York. 

Raquin, C. and Pilet, V. 1972. Production de plantules a partir d’an- 
theres de Petunias cultivees in vitro. CJE Acad. Sei. Ser. D 274: 
1019-1022. 

Rashid, A. 1981. Induction of embryos in ab initio pollen cultures of 
Nicoticm. In: Proceedings International Symposium Plant Cell Cul¬ 
ture in Crop Improvement, Bose Institute, Calcutta. 

_ and Street, H.E. 1973. The development of haploid embryoids 

from anther cultures of Atropa belladonna L. Plants 113:263-270. 

_and Street, H.E. 1974a. Growth embryogenic potential and sta¬ 
bility of a haploid cell culture of Atropa belladonna L. Plant Sci. 
Lett. 2:89-90. 

_ and Street, H.E. 1974b. Segmentations in microspores of Nico- 

tiana sylvestris and Nicotiana tabacum which lead to embryoid forma¬ 
tion in anther cultures. Protoplasma 80:323-334. 

Razmologov, V.P. 1973. Tissue culture from the generative oeU of the 
poUen grain of Cupressus spp. Bull. Torrey Bot. Club 100:18-22. 

Redenbaugh, M.K., IQestfall, R.D., and Karnoslcy, D.F. 1981. Dihaploid 
callus production from Ulmas americana anthers. Bot. Gaz. 142:19- 
26. 

Reinert, J., Bajaj, YJ’.S., and Heberle, E. 1975. Induction of haploid 
tobacco plants from isolated pollen. Protoplasms 84:191-196. 

Rosati, P., Devreux, M., and Laneri, U. 1975. Anther culture of straw¬ 
berry. Hortic. Sci. 10:119-120. 

Rowell, P.L. and Miller, D.G. 1971, Induction of male sterility in 
wheat with 2-chloroethylphosphonie acid (Ethrel). Crop Sci. 11:629- 
631. 

Sacristan, MJ). 1971, Karyotypic changes in callus cultures firom hap¬ 
loid plants of Crepis capaioris (L.) Wallr. Chromosoma 33:273-283. 

Sangwan, R,S, and Norre^, B. 1975. Pollen embryogenesis in Parbitis 
nil. Naturwissenschaften 62:440. 

Sangwan-Norreel, B.S. 1977. Androgenic stimulating factors in the an¬ 
thers and isolated poUen grain culture of Datura iimoxia Mill. J. 
Exp. Bot. 28:843-852. 

Satchuthananthavale, R. and Iri^albundara, Z.E. 1972. Propagation of 
callus from Hevec anthers. Q. J. Rubber Res. Inst. Ceylon 49:65-68. 

Sato, T. 1974. Callus induction and organ differentiation in anther cul¬ 
ture of poplars. J. Jpn. For. Soc. 56:55-62. 

Sax, K. 1935. The effect of temperature on nuclear differentiation in 
mierospore development. J. Arnold Arbor. 19:301-310. 



284 


Basic Techniques of Plant Cell Culture 


Schaeffer, G.W., Baenziger, P.S., and Worley, J. 1979, Haploid plant 
development from anthers and in vitro embryo culture of wheat. 
Crop Sci. 19:696-702. 

Schieder, 0. 1975. Regeneration von haploiden und diploiden Datura 
imoxia MiU. Mesophyll-Protoplasten zu Pflanzen. Z. Pflanzenphysiol. 
76:462-466. 

Sehon, R.L. and Amos, J.A. 1980. Isolation of doubled-haploid plants 
through anther culture in Arabidopsis thaliana. Z. Pflanzenphysiol. 
96:407-414. 

Seirlis, G., Mouras, A., and Salesses, G. 1979. In vitro culture of an¬ 
thers and organ fragments. Prunus annals Del L. Amelior. Plant. 29: 
145-162. 

Sharp, W.R., Raskin, R.S., and Sommer, H.E. 1971a. Haploidy in Lilium. 
Phytomorphology 21:334-336. 

Sharp, W.R., Dougall, D.K., and Paddock, E.F. 1971b. Haploid plantlets 
and callus from immature pollen grains of Nicotiana and 
Lycopersicon. Bull. Torrey Bot. Club 98:219-222. 

_ 1972. The use of nurse culture in the development of haploid 

clones in tomato. Planta 104:357-361. 

Sharp, WJl., Caldas, L.S., and Crocorao, O.J. 1973. Studies on the in¬ 
duction of Ccffea arabica callus from both somatic and microsporo- 
genous tissues; and subsequent embryoid and plantlet formation. Am. 
J. Bot. 60:13. 

Shaw, G. 1971. The chemistry of sporopoHenin. In: SporopoUenin (J. 
Brocks, P.R. Grant, M. Muir, P. van Gijzel, and G. Shaw, eds.) pp. 
305-350, Academic Press, New York. 

Shimada, T. 1981, Haploid plants regenerated from the pollen callus of 
wheat {Triticum aestivum L.). Jpn. J. Genet. 56:581-588. 

Sinha, S., Jha, K.K., and Roy, R.P, 1978a. In vitro development of cal¬ 
lus from anthers in Lujfa cylindrica. Curr. Sci. 48:120-121. 

- 1978b. Segmentation pattern of pollen in anther cultures of So¬ 
larium surattense, Luffa cylindrica and Luffa echirmta. Phytomorphol¬ 
ogy 28:43-49. 

- 1979. Callus formation and shoot bud differentiation in anther 

culture of Solanum surattense. Can. J. Bot. 57:2524-2527. 

Skirvin, R.M, 1978. Natural and induced variation in tissue culture. 
Euphytica 27:241-266. 

Smith, H.H. 1943. Studies on induced heteroploids of Nicotiana, Am. 
J. Bot. 30:121-130. 

Sopory, S.K. 1977, Development of embryoids in isolated pollen culture 
of dihaploid Solanum tuberosum. Z. Pflanzenphysiol. 84:453-457. 

- 1979. Effect of sucrose, hormones and metabolic inhibitors on 

the development of pollen embryoids in anther cultime of dihaploid 
Solanum tuberosum. Can. J. Bot. 57:2691-2694. 

- and Tan, B.H, 1979, Regeneration and cytological studies of 

anther and pollen calli of dihaploid Solanum tuberosum, Z. PClanzen- 
zuecht.82:31-35. 

-, Jacobsen, E., and Wenzel, G. 1978. Production of monoploid 

embryoids and plantlets in cultured anthers of Solanum tuberosum. 
Plant Sci. Lett. 12:47-54. 



In vitro Production of Haploids 


285 


Southworth, D. 1974. Solubility of pollen exines. Am. J. Bot. 61:36- 
44. 

Stow, I. 1930. Experimental studies on the formation of embryo sac- 
like giant pollen grain in the anther of Hyacinthus crientalis, Cy~ 
tyologia 1:417-439. 

Sunderland, N. 1974. Anther culture as a means of haploid induction. 
In: Haploids in Higher Plants: Advances and Potential (K.J. Kasha, 
ed.) pp. 91-122. Guelph Univ. Press, Guelph. 

_ and Roberts, M. 1977. New approach to pollen culture. Na¬ 
ture 270:236-238. 

_ and Wildon, D.C. 1979. A note on the pretreatment of excised 

flower buds in float culture of Hyoscyamu^ anthers. Plant Sci. Lett. 
15:169-175. 

Tanaka, M. and Nakata, K. 1969. Tobacco plants obtained by anther 
culture and the experiment to get diploid seeds from haploids. Jpn. 
J. Genet. 44:47-54. 

Thomas, E. and Wenzel, G. 1975a. Embryogenesis from mierospores of 
B-assica napus. Z. Pflanzenzuecht. 74:77-81. 

_ 1975b. Embryogenesis from mierospores of rye. Naturwissen- 

schaften 62:40-41. 

Tomes, D.T. and Collins, G.B. 1976. Factors affecting haploid plant 
production from in vitro anther culture of Nicotiana species. Crop 
Sci. 51:139-140. 

Tran Than Van, K. and Trinh, T.H. 1980. Embryogenetic capacity of 
anthers from flowers formed in vitro on thin cell layers and of 
anthers excised from the mother plant of Nicotiana tabacum L. and 
N. plumbcgmifolia. Z. Eflanzenphysiol. 100:379-388. 

Tulecke, W. 1953. A tissue derived from the pollen of Ginkgo biloba. 
Science 117:599-600. 

_ and Sehgal, N. 1963. Cell proliferation from pollen of Torreya 

nucifera, Contrib. Boyce Thompson Inst. 22:153-163. 

Tyagi, A.K., Rashid, A., and Maheshwari, S.C. 1979. High frequency 
production of embryos in Datura innoxia from isolated pollen grains 
by combined cold treatment and serial culture of anthers in liquid 
medium. Protoplasma 99:11-17. 

_ 1980. Enhancement of poUen-embryo formation in Datura in¬ 
noxia by charcoal. Physiol. Plant. 49:296-298. 

VasU, I.K. 1980. Androgenetic haploids. In: Perspectives in Plant CeU 
and Tissue Culture (I.K. Vasil, ed.) pp. 195-223. Academic Press, 
New York. 

Vazart, B. 1972. The ultrastruoture of the tobacco poUen cells des¬ 
tined to develop into embryoids. J. Microsc. (Paris) i4;98A. 

Vishnoi, A., Babbar, S.B., and Gupta, S.C. 1979. Induction of andro- 
genesis in anther cultures of Withania somnifera. Z. Eflanzenphysiol. 
94:169-171. ' 

Vyskot, B. and Novak, F.J. 1974. Experimental androgenesis in vitro in 
Nicotiana clevelandii Gray, and N. sonderae hort. Theor. Appl. 
Genet. 44:138-140. 

Wagner, G. and Hess, D. 1974, Haploide, diploide und triploide Pflan- 
zen von Petunia hybrida aus PoUenkorner. Z. PQanzenph^iol. 73:273- 
276. 



286 Basic Techniques of Plant Cell Culture 

Wang, C.C., Chu, C.C., Sun, C.S., Wu, S.H., Yin, K,C., and Hsu, C. 
1973. The androgenesis in wheat (Triticum aestivum) anthers 
cultured in vitro. Sci. Siniea 16:218-222. 

Wang, C.C., Sun, C.S., and Chu, C.C. 1974. On the condition for the 
induction of rice pollen plantlets and certain factors affecting the 
frequency of induction. Acta Bot. Siniea 16:43-53. 

Wang, Y.Y., Sun, C.S., Wang, C.C., and Chien, N. 1973. The induction 
of the pollen plantlets of Triticale and Capsicum annum from anther 
culture. Sci. Siniea 16:147-151. 

Wardlaw, C.W. 1965. Physiology of embryonic development in Cormo- 
phytes. In: Encyclopedia of Plant Physiology (W. Ruhland, ed.) p. 
932. Springer-Verlag, Berlin. 

Watanabe, K., Nishi, Y., and Tanaka, R. 1972. Anatomical observations 
on the high frequency callus formation from anther culture of Chrys¬ 
anthemum. Jpn. J. Genet. 47:249-255. 

Weatherhead, M.A. and Henshaw, G.G. 1979. The production of homo¬ 
zygous diploid plants of Solarium verrucosum by tissue culture tech¬ 
niques. Euphytica 29:765-768. 

Weatherhead, M.A., Burdon, J., and Genshaw, G.G. 1978. Some effects 
of activated charcoal as an additive to plant tissue cultime media. 
Z. PQanzenphysiol. 89:141-147. 

Weatherhead, M.A., Grout, B.W.W., and Short, K.C. 1982. Increased 
haploid production in Saintpaulia ionantha by anther culture. Sci. 
Hortic. 17:137-144. 

Wenzel, G. and Thomas, E. 1974. Observations on the growth in cul¬ 
ture of anthers of Secede cereale. Z. Pflanzenzuecht. 72:89-94. 

Wenzel, G. and Uhrig, H. 1981. Breeding methods and virus resistance 
in potato via anther culture. Theor. AppI Genet. 59:333-340. 

Wenzel, G., Hoffmann, F., Potrykus, I., and Thomas, E. 1975. The 
separation of viable rye microspores from mixed populations and their 
development in culture. Mol. Gen. Genet. 138:293-297. 

Wenzel, G., Hoffmann, F., and Thomas, E. 1977. Increased induction 
and chromosome doubling of androgenetic haploid rye. Theor. Appl. 
Genet. 51:81-86. 

Wernicke. W. and Kohlenbach, H.W. 1975. Antherenkulturen bei Scopo- 
lia. Z. Pflanzenphysiol, 77:89-93. 

-^— 1977. Experiment on the culture of isolated microspores in 

Nicotiana and Hyoscyamus Z. Pflanzenphysiol. 81:330-340. 

Wernicke, W., Lorz, H., and Thomas, E. 1979. Plant regeneration from 
leaf protoplasts of haploid Hyoscyamus muticus L. produced via an¬ 
ther culture. Hant Sci. Lett. 15:239-250. 

White, P.R. 1963. The Cultivation of Animal and Plant Cells. Ronald 
Press, New York. 

Widholm, J.M. 1977. Selection and characterization of biochemical 
mutants. In; Plant Tissue Culture and its Biotechnological Applica¬ 
tions (W. Barz, E. Reinhard, and M.H. Zenk, eds.) pp. 112-122. 
Springer-Verlag, Berlin. 

Winton, L.L. and StetUer, R.F. 1974. Utilization of haploidy in tree 
breeding. In: Haploids in Higher Plants: Advances and Potential, 
pp. 259-273. Univ. Guelph Press, Guelph. 



In vitro Production of Haploids 


287 


Xu, Z.H., Huang, B., and Sunderland, N. 1981. Culture of anthers in 
conditioned media. J. Exp. Bot. 32s767-778. 

Yamada, T., Shoji, T., and Sinoto, Y. 1963. Formation of calli and 
free cells in tissue culture of Tradescantia reflexa. Bot. Mag. 
76:332-339. 

Yasuda, S. 1940. A preliminary note on the artificial parthenogenesis 
induced by application of growth promoting substances. Bot. Mag. 
54:506-510. 

Yin, K.-C., Hsu, C., Chu, C.-Y., Pi, F.-Y., Wang, S.-T., Liu, T.-Y., 
Chu, C.-C., Wang, C.-C., and Sun, C. 1976. A study of the new 
cultivar of rice raised by haploid breeding method. Sei. Sinica 
19:227-242. 

Zamir, D., Jones, R.A., and Kedar, N. 1980. Anther culture of male 
sterile tomato (Lycopersicon esculentum MiU.) mutants. Plant Sci. 
Lett. 17:353-361. 

Zamir, D., Tanksley, S.D., and Jones, R.A. 1981. Genetic analysis of 
the ori^n of plants regenerated from anther tissues of Lycopersicon 
esculentum Mill. Plant Sci. Lett. 21:223-227. 

Zenkteler, M. 1971. In vitro production of haploid plants from pollen 
grains of Atropa belladonna L. Experientia 27:1087. 

_ 1972. Development of embryos and seedlings from pollen grains 

in Lycium hdUmifolium Mill, in the in vitro culture. Biol. Plant. 14: 
420-422. 

_ 1973. In vitro development of embryos and seedlinp from pol¬ 
len grains of Solonum dulcamara. Z. Pflanzenphysiol.69:189-192. 

_and Misiura, E. 1974. Induction of androgenic embryos and cul¬ 
tured anthers of Hordeum, Secale and Festuca. Biochem. Physiol. 
Pflanzen 165:337-340. 

_ and Straub, J. 1979. Cytoembryological studies on the progress 

of fertilization and the development of haploid embryos of TYiticum 
aestivum L. (2n = 42) after crossing with Hordeum Ixilbosum {2n = 
14). Z. Ptlanzenzuecht. 82:36-44. 

_, Misiura, E., and Ponitka, A. 1975. Induction of androgenetic 

embryoids in the in vitro cultured anthers of several species. Ex¬ 
perientia 31:289-291. 

Zetzsehe, F. 1932. Kork und Cuticulsmsubstanzen. In: Handbuch der 
Ptlanzenanalyse te. Klein, ed.) pp. 205-215. Springer-Verlag, Berlin. 




PARTB 

SPECIALIZED 
CELL CULTURE 
TECHNIQUES 



SECTION I 

Genetic Techniques 


CHAPTER 7 

Protoplast Fusion 
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Sexual hybridization between closely related species has been used 
for years to improve cultivated crops (Bates and Deyoe, 1973). Unfor¬ 
tunately, sexual hybridization is limited, in most cases, to cultivars 
within a species or at best to a few wild species closely related to a 
cultivated crop (Smith, 1968). Species barriers thereby limit the use¬ 
fulness of sexual hybridization for crop improvement. Sexual crossing 
can be limited by any of a number of factors usually related to the 
highly differentiated state of the specialized pollen and egg cells. In 
some cases these barriers may even be regulated by specific genes 
(Pandey, 1969). Despite these barriers, sexual hybridization has been 
used to incorporate a number of agriculturally important traits into 
numerous cultivated crops. Especially valuable has been the incorpora¬ 
tion of disease resistance (Day, 1974) and pigment production Olick, 
1974). Sexual crosses between more distantly related plant species are 
desired, but are currently limited. 

For a number of years the technique of protoplast fusion has been 
suggested as a method to overcome the species barriers to sexual 
hybridization (e.g., Gamborg et al., 1974). This technique, somatic cell 
hybridization, offers great promise for achieving wide crosses between 
species, with the hope to develop new crop varieties. Somatic hybridi¬ 
zation, though, requires that after the fusion of two somatic plant cells 
that a complete plant is regenerated from the fused cell. While offer¬ 
ing great promise, this technique has to date been successfully applied 
to only a small number of plant species. 
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CErnCAL REVIEW OF THE LTIERATORE 
Protoplast Fusion 

When the plant cell wall is enzymatically removed, the resulting 
protoplasts often fuse spontaneously, thereby forming multinucleate 
fusion bodies. This occurrence is not surprising, as plasmodesmata that 
connect plant cells have been observed to expand in some cases rather 
than break (Withers and Cocking, 1972). It has been suggested that 
such spontaneous fi^ion products may divide and form plants. In some 
cases the occurrence of multinucleate protoplasts range from 856 for D. 
irmoxia (Schieder, 1977) to 3056 for N, tabacuw (Power and Frearson, 
1973). These intraspecific multinucleate protoplasts may divide syn¬ 
chronously (Fowke et al., 1974). Spontaneous fusion is particularly 
prevalent in protoplasts isolated from meiocytes (Ito, 1973). The spon¬ 
taneous fusion of meiocyte-derived protoplasts has been used to produce 
intergeneric fusion products between Lilium longifloriim and Trillium 
kamtschaticum Oto and Maeda, 1973), 

While several methods were proposed to induce protoplast fusion, 
earliest success was achieved using sodium nitrate (e.g., Carlson et al., 
1972), However, sodium nitrate is toxic to cells at fusogenic concen¬ 
trations and only results in a small increase over spontaneous fusion 
frequencies (Keller and Melchers, 1973), Other methods have been pro¬ 
posed, including use of salt mixtures (Binding, 1974) or potassium dex- 
tran sulfate (Kameya, 1975), Keller and Melchers (1973) combined high 
pH (10.5) in medium containing Ca^* ions to effectively induce cell fu¬ 
sion. Fusion frequencies of greater than 25% were reported after low- 
speed centrifugation of mixed protoplasts. 

The method most frequently used today to achieve fusion is addition 
of polyethylene glycol (PEG) to a protoplast mixture. This method was 
first reported by Kao and Michayluk (1974). PEG agglutinates the plant 
protoplasts. High molecular weight PEG, 1540-6000, is added at 25-30% 
to cause agglutination. When eluted in the presence of high pH and 
Ca^* concentration, a high frequency of protoplast fusion is obtained. 
In some cases up to 100% fusion has been reported using PEG to induce 
fusion (Vasil et al., 1975). The mechanism of action of PEG has not 
been reported. It has been suggested that PEG acts as a molecular 
bridge, thereby dissociating the plasmalemma. Other chemicals have 
been i^ed to induce protoplast fusion, including polyvinyl alcohol 
(Nagata, 1978). 


Identification and Selection of Hybrid Cells 

Following fusion treatment, the protoplasts in liquid culture medium 
regenerate cell walls and undergo mitosis, resulting in a mixed popula¬ 
tion of parental cells, homokaryotic fusion products, and heterokaryotic 
fusion products or hybrids. Hybrid cells must be distinguished from the 
other cells present. Identification and recovery of protoplast fusion 
products have been based on the general observation that hybrid cells 
display genetic complementation for recessive mutations and physiologi" 
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cal complementation for in vitro growth requirements (Table 1). Most 
somatic hybrid plants recovered to date have been identified by selec¬ 
tion based on comEdementation. Carlson et al. (1972) first successfully 
used complementation to isolate auxin autotrophic somatic hybrids. 
Following fusion of two Nicotiana species, each with an auxin require¬ 
ment for cell growth, somatic hybrids were isolated by growth on 
auxin-free culture medium. Auxin autotrophy was expressed as a result 
of the genetic combination of the two parental species used. 

Melchers and Labib (1974), on the other hand, first used genetic 
complementation to isolate green somatic hybrids following fusion of 
two distinct homozygous recessive albino mutants of Nicotiana tabacum. 
This is the most frequently used method to isolate somatic hybrids. A 
population of protoplasts isolated from a genetically recessive albino is 
fused with (a) a population of protoplasts isolated from a second non¬ 
allelic albino mutation, or (b) with a population of normal green meso- 
phyll protoplasts. For example, Schieder (1977) fused protoplasts of 
two diploid homozygous albino mutations of Datura ImoxlOf Al/5a and 
A7/ls, that had been induced by X-ray treatment. Intraspecifie somatic 
hybrids were selected by isolating green regenerating shoots. Simi¬ 
larly, Douglas et al. (1981) isolated green interspecific hybrid shoots 
following fusion of chlorotic N. rustica protoplasts with albino N. 
tabacum protoplasts. 

In most cases, thoi^h, it has not been necessary to use two albino 
mutants to recover somatic hybrid shoots. When used in combination 
with a morphological trait or a growth response, a single recessive 
albino mutation could be very useful in the isolation of somatic hybrid 
plants. For example, a culture medium can be selected that both 
favors regeneration of the albino species and prohibits regeneration of 
the green species. As the green species cannot regenerate, aU green 
calli or shoots that are recovered represent putative somatic hybrids. 
This combination of genetic and physiologiccii complementation using 
albino mutants has been used to recover interspecific somatic hybrids 
of Datura, Daucus, Nicotiana, and Petunia, as well as several inter- 
generic somatic hybrids (see Chapter 8). We have used a slight modifi¬ 
cation of this selection procedure to recover several interspecific 
somatic hybrids in the genus Nicotiana. By utilizing a semidominant 
albino mutation (Su/Su, N. tabacum) as one parent, each population of 
protoplasts can be uniquely identified when shoots are regenerated. 
The albino protoplasts produce only albino shoots when regenerated 
(Gamborg et al., 1979), while the mesophyU protoplasts of wild Nico¬ 
tiana species produce only dark green shoots foUowii^ protoplast 
regeneration (Evans, 1979). The protoplast fusion products that contain 
a mixture of green and albino genetic information have been visually 
extinguished from the parental regenerates as light green shoots. Such 
light green shoots have been verified as somatic hybrids (Evans et al., 
1980). 

In most cases use of a single recessive albino mutation as one paren¬ 
tal line is insufficient to distinguish hybrid protoplasts from a second 
parent. Consequently, morphological markers have been used in combi¬ 
nation with an albino mutation to distinguish putative somatic hybrid 
plants from plants derived from wild-type parental protoplasts. Dudits 
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et al. (1977) fused albino D. carota protoplasts with wild-type D. capil- 
lifolius. As both D. capillifolias and the hybrid protoplasts were 
capable of regeneration, isolation of green shoots was insufficient to 
distir^ish these two lines. However, origin of shoots could be 
detected as the morphology of the leaves in the hybrid plants more 
closely resembled D. carota leaves. 

The development of more powerful selection methods, perhaps 
utilizing mutants induced in vitro, may be necessary to isolate more 
distant interspecies and intergenerie hybrids between more distantly 
related species. Utilization of two amino acid analogue resistance 
mutants (White and VasU, 1979) and two nitrate reductase deficient 
mutants (Glimelius et al., 1978a) has been proposed, but has not yet 
resulted in the recovery of mature hybrid plants. On the other hand, 
some variants have been successfully used to recover somatic hybrid 
plants. Maliga et al. (1977) used a kanamycin resistant variant of N. 
sylvestris, KR103, isolated from cultured cells, as a genetic marker to 
recover fusion products between N. sylvestris and N. knightiana. Simi¬ 
larly, the SRI, streptomycin resistant mutant of N. tabacum, also 
isolated from cultured cells, was used to recover (1) intraspecific hy¬ 
brids with N. tabacum (Wullems et al., 1980), (2) interspecific hybrids 
with N. sylvestris (Medgyesy et al., 1980), and (3) interspecific hybrids 
with N. knightiana (Menczel et al., 1981). The SRI mutation is 
encoded in cytoplasmic DNA and those somatic hybrids that contained 
N, tabacum chloroplast DNA expressed streptomycin resistance. 
Variants isolated in vitro from carrot, D. carota, have also been used 
to identify somatic hybrid plants. Cycloheximide resistant plants of 
carrot were isolated using cultured cells. When these resistant lines 
were fused with albino lines of D. carota, somatic hybrids could be 
identified as being both cycloheximide resistant and green. SimQarly 
Kameya et al. (1981) used cell line C123 of D. carota that 
simultaneously expresse'd 5-methyltryptophan (5MT) and azetidine-2- 
carboxylate (A2C) resistance to identify interspecific hybrids between 
D. carota and D. capill^olius. Selection for hybrid cells was based on 
resistance to 5MT. However, callus reinitiated from somatic hybrid 
plants expressed only intermediate resistance to 5MT and complete 
resistance to A2C. 

WhUe complementation of auxotrophic mutants has been successfully 
used to isolate somatic hybrids in Sphaerocarpus (Schieder, 1975) and 
Physcomitrella (Ashton and Cove, 1977), this method of selection has 
only been applied to higher plants on a limited scale. This limitation 
is due to the paucity of higher plant auxotrophs. There is only one 
report in which higher plant somatic hybrids have been selected using 
auxotrophic mutants. Glimelius et al. (1978a) fused the two different 
types of nitrate reductase deficient mutants of N. tabacum isolated by 
Muller and Grafe (1978). Neither mutant line could be grown with 
nitrate as sole nitrogen source, while hybrids could regenerate shoots 
in the nitrate media. 

Plant regeneration from protoplasts has never been ascribed to a 
particular gene or group of genes. Evidence, though, from alfalfa 
suggests that regeneration from leaf explants is a selectable trait that 
can be stably transmitted (Bingham et al., 1975). In some cases, esti- 
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mates have been made that 3-4 genes may control regeneration in cul¬ 
tured leaf explants. While evidence from fusion experiments has not 
been analyzed genetically, it is fortunate that the ability to regenerate 
from protoplasts behaves as a dominant trait in nearly all cell hybrids 
that have been examined. In most hybridization experiments, the 
hybrid line is capable of regeneration even if only one of the two 
parents is capable of regeneration. This observation has been extended 
to permit some researchers to develop culture media that permit 
growth of hybrid cells while prohibiting growth of at least one parent 
cell line. In some eases, hybrid cells have been produced that are 
capable of regeneration while neither parent line can be regenerated. 
For example, Maliga et al. (1977) fused KR103, the kanamyein resistant 
line of N. sylvestris that is incapable of plant regeneration, with N. 
knightiana protoplasts, also incapable of regeneration, and was able to 
recover interspecific somatic hybrid plants. 

Metabolic complementation has also been proposed as a method to 
recover somatic hybrids. Ihis method, first proposed by Wright (1978), 
has been applied to recover a number of animal cell hybrids. Parental 
cells are treated with an irreversible biochemical inhibitor, such as 
iodoacetate or diethylpyrocarbonate, and following treatment only hy¬ 
brid cells are capable of cell division. Iodoacetate pretreatment has 
been used to aid recovery of somatic hybrids between N. sylvestris and 
N. tabacum (Medgyesy et al., 1980) and N. j^umbagtnifolia and N. tabor 
cum (Sidorov et al., 1981). In each case the parent protoplasts treated 
with iodoacetate were unable to reproduce, while the newly formed hy¬ 
brid protoplasts continued to develop and yield hybrid plants. 

Numerous other methods have been proposed for selection of somatic 
hybrids. In some cases the growth pattern of hybrid callus is different 
from either parental line. In particular, a number of authors report 
that hybrid callus is often more vigorous than parental callus. 
Sehieder (1978, 1980) has suggested that all interspecific Datura 
hybrids have much better callus growth than either parental line. 
Similarly, N. glauca + N. langsdorfii somatic hybrids could be 
preselected based on superior growth. 

Perhaps the most efficient, yet most tedious method to select pro¬ 
ducts of protoplast fusion is to visually identify hybrid cells and 
mechanically isolate individual cells. When morphologically distinct 
cells are used for protoplast fusion, microscopic observation can be 
used to visually distinguish fusion products from parental protoplasts. 
For example, following fusion of green chloroplast containing mesophyll 
protoplasts with colorless cell culture protoplasts that contain distinct 
starch granules due to growth on sucrose supplemented medium, fusion 
products can be distinguished shortly after fusion. Immediately after 
PEG treatment, the fusion products contain chloroplasts in one half of 
the cell and starch granules in the other half. Diffusion of chloroplasts 
throughout the cell occurs shortly after fusion. During first cell 
division in many hybrids the chloroplasts are clumped around the 
nuclear material. After 7-10 days of culture in protoplast medium, the 
chloroplasts appear as colorless proplastids and hence, usually leaf-ceU 
culture hybrid cells can ony be distinguished for a short time after 
fusion. Similarly, Potrykus (1972) suggested using petal protoplasts to 
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visually identify hybricb. Petal + leaf fusion products and petal + cell 
culture fusion products can be readily distinguished. The petal 
pigment, usually vacuolar, is originally separated within the fused cell 
but eventually becomes evenly distributed throughout the fused cell. In 
some eases, this new mixture of protoplast contents produces cells with 
unique coloration (Flick and Evans, 1983). Shortly after transfer to 
protoplast culture medium, the color of the flower petals (usually 
vacuolar) diffuses and as with leaf + cell culture fusion products can 
only be used as a cell marker for a few days after fusion. 

i^ual markers can then be used as a basis to physically separate the 
fusion products from parental protoplasts. Kao (1977) described a 
method (see below) to mechanically isolate individual heterokaryocytes. 
Using this method, he was able to isolate and then monitor the growth 
of intergeneric and interfamilial cell hybrids. Gleba (1979) modified 
this method to recover complete plants from microisolated plant proto¬ 
plasts. Menczel et al. (1978) combined microisolation with nurse 
culture techniques to develop a procedure to recover somatic hybrid 
plants. In this method a single microisolated heterokaryocyte was 
placed in a droplet containing albino protoplasts capable of rapid 
growth. The albino protoplasts supported the growth of the single iso¬ 
lated heterokaryocyte which was subsequently identified as a re¬ 
generated green shoot among the albino shoots. While microisolation 
methods are very tedious, these methods offer a unique opportunity to 
monitor the cell and plant development of individual clonal lines 
produced by protoplast fusion. Microisolation will no doubt be widely 
applied in the future. 

In most eases hybrid cells between distantly related plant species are 
incapable of plant regeneration. However, stable intergeneric cell lines 
have been frequently described (Table 2), Following protoplast fusion a 
wide range of genetic products may be produced. Fusion products 
could be either heterokaryotic or homokaryotic. Ihe later would be 
reflected in recovery of polyploid parental plants. Heterokaryocytes 
can exist for a number of days before nuclei fuse. Up to 30-45S6 of the 
heterokaryocytes contain only one nucleus from each parent (Constabel 
et al., 1975). However, the remainder may be miiltinucleated. In most 
cases multiple fusions will produce "giant" cells incapable of mitosis 
and subsequent development. However, multiple fusion has been blamed 
as the method of origin of a number of somatic hybrid plants with more 
than the expected number of chromosomes, e.g., N. glauca + N. longs- 
dorfii hybrids (Smith et al., 1976). More recently, some somatic hybrids 
were reported between N. tabacum and N. sylvestris that contained 96 
chromosomes (Medgyesy et al., 1980). It was suggested that these 
plants arose by fusion of one N. tabacum nucleus (48 chromosomes) with 
two N. sylvestris nuclei (2 x 24 chromosomes). 

Nuclei of the heterokaryocytes can fuse to produce hybrids, segregate 
producing cybrids, or undergo asynchronous mitosis. Szabados and 
Dudits (1980) fused interphase protoplasts of one species with partially 
synchronized metaphase protoplasts of a second species. In the 
resulting dinucleate, the interphase nucleus was prematurely condensed, 
resulting in some abnormal chromosomes, ff such a phenomenon occurs 
routinely, fusion of cells in different parts of the cell cycle could 
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Table 2. Viable Intergenerie Cell Fusion Products 

FUSION PRODUCTS REFERENCE 


Glycine max (soybean) + Nicotiana glauca (wild 
tobacco) 

G. max (soybean) + Zea mays (corn) 

G. max (soybean) + Hordeum vidgare (barley) 

Vicia faba (broad bean) + Petunia hybrida 
(petunia) 

Daucus carota (carrot) + Hordeum vulgare 
(barley) 

D. carota (carrot) + Petunia hybrida (petunia) 

Nicotiana tabacum (tobacco) + Lycopersicon 
esculentum (tomato) 

N. tabacum (tobacco) + Solanum chacoense 
(potato) 

Sorghum bicolor (sorghum) + Zea mays (corn) 


Kao, 1977 

Kao et al., 1974 
Kao et al., 1974 
Binding & Nehls, 1978 

Dudits et al., 1976 

Reinert & Gosch, 1976 
Evans et al., 1978 

Gamborg et al., 

1978 

Brar et al., 1980 


result in aneuploidy. Aneuploidy and specific chromosome elimination 
has been frequently reported among plant cell hybrids. Kao (1977) 
reported preferential loss of N. glauca chromosomes in hybrids between 
N, glauca and soybean. Parthenocissus + Petunia cell hybrids lost all 
Petunia chromosomes (Power et al., 1975), and Daucus + Aegopodium 
hybrids lost all Aegopodium chromosomes (Dudits et al., 1979). On 
f the other hand, some stable hybrid cell lines have been produced that 
retain chromosomes from both species (e.g., Vicia + Petuniai Binding 
and Nehls, 1978). 


Methods of Recovery and Characterization of Hybrid Plants 

Protoplasts from any two species can be fused together. However, 
there are a number of limitations to widespread utilization of somatic 
hybridization in higher plants including aneuploidy, species barriers to 
hybridization, and the inability to regenerate plants from protoplasts. 
These limitations emphasize the need for more widespread research on 
plant protoplast fusion. (1) The primary limitation is certainly the 
restricted capability to regenerate plants from protoplasts. Plant 
regeneration from protoplasts has already been reported in a dozen 
plant genera, but at least seven of these genera are among the 
Solanaceae, This limitation temporarily precludes the use of somatic 
hybridization techniques for improvement of most of the important crop 
species, including legumes and cereals. Nonetheless, recent progress 
in protoplast regeneration in legumes and cereals is encouraging (Kao 
and Michayluk, 1980; Vasil and Vasil, 1980) and si^^ests that this 
limitation is not insurmountable. (2) Chromosome instability has been 
observed in most somatic hybrid plants recovered including intraspecific 
somatic hybrids (Melchers and Sacristan, 1977). Aneuploid somatic 
hybrid plants may be sexually sterile or even incapable of flower 
production (Gleba and Hoffmann, 1980) and, therefore, incapable of 
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subsequent sexual propagation. Aneuploidy has not been assessed for 
effect on the ability to utilize somatic hybrids to incorporate useful 
genetic information into a cultivated crop by repeated backcrossing. 
(3) Species limitations for successful production of somatic hybrids have 
not been adequately explored. Interspecific sexual incompatibility 
should be carefully correlated to protoplast fusion to ascertain the 
limits to somatic compatibility (Zenkteler and Melchers, 1978), i.e., 
sexual hybrids should be carefully compared to somatic hybrids for 

ability to incorporate and express useful genetic traits. Also, as our 
understanding of cytoplasmic genetics and our accumulation of useful 
cytoplasmic genetic markers increases, somatic hybridization could be 
used to produce unique nuclear-cytoplasmic combinations. Protoplast 
fusion with PEG could then be used to transfer eytoplasmieally con¬ 
trolled male sterility (e.g., Izhar and Tabib, 1980) or other useful 

cytoplasmic characters between breeding lines. 

We have fused mesophyll protoplasts of Nicotiana glauca with suspen¬ 
sion cultured protoplasts of N. tabacum (Evans et al., 1980), tfeing the 
method of Kao (1976) a fusion frequency of 1-10% was obtained in 

three separate experiments. Cell growth was observed when 
protoplasts were cultured in medium 8p of Kao and Michayluk (1975), 
After 3 weeks, unselected cells were plated onto solid agar containing 
MS medium (1962) with 5 6BA, Light green shoots representing 
putative hybrids were recovered in each experiment. In 2 weeks 
shoots were transferred to rooting medium: one-half strength MS 

medium with 25 tiM 3-aminopyridine. Acclimated plantlets were 
subsequently transplanted to the greenhouse. While selection of light 
green plants was insufficient to conclude that plants were somatic 
hybrids, hybridization was verified based on numerous criteria (Table 3), 
including morphologiCEil, biochemical, and cellular distinctions between 
N. glauca and N. tabacum. 


Table 3. Characteristics of Somatic and Sexual Hybrids of Nicotiana 
tabacum and Nicotiana glauca 



PETIOLE 

FLOWER 

COROLLA 

CHROMOSOME 

PLANT 

LENGTH® 

LENGTH® 

DIAMETER® 

NUMBER 

Nicotiana tabacum 

0.0 mm 

59 mm 

25 mm 

48 

N. glauca 

55.9 mm 

38 mm 

10 mm 

24 

N. tabacum x 

17.1 mm 

43 mm 

18 mm 

36 

N. glauca 

N, tabacum + 

12.9 mm 

42 mm 

18 mm 

72 


N. glauca 
somatic hybrid 


® Somatic hybrid is significantly different (p < 0.05) than either parent. 

In most eases reported to date, morphological characteristics of 
either somatic or sexual hybrids were intermediate between the two 
parents (e.g., Carlson et al., 1972). This is particularly true for both 
vegetative and floral morphology of N. tabacum + N. glauca somatic 
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hybrids. Leaf shape and size, petiole size, and trichome (hairs on the 
leaf surface) density were all intermediate in the somatic hybrid plants 
(Table 3). In addition, flower shape, color, size, and structure were 
also all intermediate for these somatic hybrids. Using isoenzyme 
electrophoresis analysis, sexual or somatic hybrids usually contain the 
sum of isoenzyme bands found in the parents (Wetter, 1977). The sum 
of parental bands was observed for the N. tabacum + N. glauca somatic 
hybrids for alanylaminopeptidase using gel electrophoresis and for the 
small subunit of fraction-1 protein using isoelectric focusing. For both 
enzymes, different bands were observed in N. glauca and N. tabacum 
while the somatic hybrid contained the sum total of parental bands. 
For aspartate aminotransferase, which had been shown to be a dimeric 
enzyme, in addition to the sum of the parental bands, the somatic 
hybrid plants contained a unique hybrid band intermediate in mobility 
between a band of N. glauca and a band of N. tabacum. This probably 
represents formation of a hybrid dimeric enzyme unique to the somatic 
hybrids. Cytologieally, the chromosome number of the somatic hybrids 
should be the sum of N. glauca (2n = 24) and N. tabacum (2n = 48). 
Of 25 separate somatic hybrid clones counted, all have 2n = 72 (Table 
3). In addition, as some individual chromosomes can be distinguished, 
cells of both N. glauca, with large chromosomes and 1 pair of metacen- 
tric chromosomes, and N. tabacum, with small chromosomes and 9 pairs 
of metacentric chromosomes, were distinguishable from somatic hybrid 
plants that contained both large and small chromosomes and 10 pairs of 
metacentric chromosomes. Hence cytogenetic analysis coupled with 
enzyme analysis and morphological data clearly verify that the proto¬ 
plast derived light green plants are indeed somatic hybrids. 

Ifeing this albino selection method, we have also produced somatic 
hybrid plants of N. tabacum with N. sylvestris and N. otophora, two 
species closely related to tobacco (Evans et al., 1983), and with N. 
nesophila and N, stocktonii, two species that cannot be crossed with 
tobacco using conventional breeding methods (Evans et al., 1981). 
Disease resistance has been incorporated into the N. tabacum + N. 
nesophila somatic hybrid plants, demonstrating the usefulness of these 
plants in crop improvement. 

Most characteristics of other somatic hybrids that have been reported 
to date are intermediate between the two parents, except pollen via¬ 
bility and chromosome number, which are decreased and increased, 
respectively. Pollen viability is usually dependent on the taxonomic 
closeness of the two parental species used for hybridization; conse¬ 
quently, more distant somatic hybrids have lower pollen viability. 
Chromosome number, on the other hand, should equal the sum of 
somatic chromosome numbers of the two parents, but has been quite 
variable in most somatic hybrids reported to date. Most other 
morphological traits that can be quantified including both vegetative 
and floral characters are intermediate between the two parents. These 
include such vegetative characters as; leaf shape O^agao, 1978), leaf 
area (Dudits et al., 1977), root morphology (Dudits et al., 1977), 
trichome length (Power et al., 1980), and trichome density (Carlson et 
al., 1972), and floral characters such as; floral length (Smith et al., 
1976), corolla morphology (Schieder, 1978), intensity of floral pigment 
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(Power et al., 1980), and seed capsule morphology (Schieder, 1978). In 
many instances somatic hybrids with intermediate characters have been 
favorably compared to sexual hybrids already available. The genetic 
basis for most of these morphological traits has not been elucidated, 
but the intermediate behaviour in hybrids suggests the traits are 
controlled by multiple genes. Based on the sexual and somatic hybrids 
produced, intermediate morphology is the most frequently cited 
criterion to verify hybridity. Some traits, though, behave as dominant 
single gene traits as they are present in only one pai’ent, but are also 
expressed in the somatic hybrids. Such traits include stem anthocyanin 
pigment (Evans et al., 1980), flower pigment (Schieder, 1977), 
heterochromatic knobs in interphase cells (Maliga et al., 1978), and leaf 
size (Schieder, 1978). Consequently, intermediate morphology is not 
observed for aU characters in somatic hybrids. When possible, 
additional genetic data should be presented to support hybridity (cf.. 
Chapter 8). 

Isoenzyme analysis has been used extensively to verify hybridity 
(Chapter 18). Enzymes that have unique banding patterns for somatic 
hybrids versus either parental species include esterase (Wetter and Kao, 
1976), aspartate aminotransferase (Evans et al., 1980), amylase 
(Lonnendonker and Schieder, 1980), and isoperoxidase (Carlson et al., 
1972). Isoenzymes, though, are extremely variable within plant tissues 
(Bassiri and Carlson, 1979) and zymograms should therefore be prepared 
and interpreted cautiously. It is important to use the same tissue from 
each plant and to use plants at identical developmental ages when 
comparing parental plants with somatic hybrids. 

A large number of intraspecifie and Interspecific somatic hybrid 
plants have been recovered to date. In most cases, intraspecific 
hybrids were produced as a method for verifying success of a predicted 
selection system. For example, 13 successful experiments have been 
reported (’ftble 4). Of these experiments, 9 were completed with Nico- 
tiana tabacum. In addition to these 9 experiments, there are 3 other 
intraspecific somatic hybrids that have been produced with Solanaceous 
species. Hence only one species outside the Solanaceae, D. carota, has 
been used to produce an intraspecific somatic hybrid. These reports 
include the first successful fusion of two haploid protoplasts to recover 
hybrid plants (Melchers and Labib, 1974), first use of albino complemen¬ 
tation (Melchers and Labib, 1974), and the first use of induced auxotro¬ 
phic mutations to recover somatic hybrids (Glimelius et al., 1978a). In 
most cases at least some of the hybrid plants were recovered from 
each experiment that contained the summation chromosome number. 
Some hybrid combinations, though, are marked by a great deal of 
chromosome variability (Table 4). In some cases none or very few 
amphiploid plants were recovered (Bergounioux-Bunisset and Perennes, 
1980; Gleba, 1979). Emphasis has not been placed on use of these 
hybrids for breeding programs. It would be expected that these aneu- 
ploid plants would have distorted segregation ratios. However, only 
two authors completed a detailed analysis of progeny. The authors 
each examined progeny following fusion of two haploid tobacco lines 
and reported that segregation ratios for the progeny were equal to or 
close to expected ratios (Kameya, 1975; Melchers, 1977). 
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Many novel selection methods have been tested on intraspecific 
species combinations for the ability to identify hybrid cells. Plastome 
(p-), cytoplasmic male sterility (cms), and nuclear albino genes (e.g., 
wsl, ws2, Su, Al/5a, A7/ls, s, and v), have all been used as selectable 
markers. As discussed above, many mutations induced in cell culture 
have also been tested as selectable markers including the cnx and nia 
nitrate reductase deficient, cycloheximide (CH) resistant, and strepto¬ 
mycin resistant (SRI) mutants. 

There have been 28 successful interspecific somatic hybrid experi¬ 
ments reported to date (Table 5). As with the intraspecific somatic 
hybrids, the majority of these hybrids were produced using solanaceous 
plant species. Of these 28 reports, 18 were completed using a total of 
11 Nicotiana species. Of these 18 Nicotiana somatic hybrids, 14 were 
produced using N. tabacum as one parent line. As of now, 10 different 
Nicotiana species have been combined with N. tabacum via protoplast 
fusion. In addition to Nicotiana, 4 somatic hybrids have been achieved 
with Datura species, 3 with Petunia species, and 1 with Solanum 
species, all of which are members of the Solanaceae. Only 2 of the 28 
succesrful interspecific hybridization experiments are outside the Sola¬ 
naceae, and both of these publications report the recovery of somatic 
hybrids between Daucus carota + D. capillifolius. Hence while a large 
number of somatic hybrids have been reported, with one exception, this 
phenomenon has been restricted to the Solanaceae. 

A wide range of chromosome numbers have been reported among 
somatic hybrid plants. Most of the hybrids that have been recovered 
are aneuploid. As aneuploidy may interfere with fertility, it may be 
very important to recover amphiploid plants in order to maximize use¬ 
fulness of the hybrid plants. In some cases, no amphiploid plants were 
recovered, while in other cases only amphiploid plants were recovered. 
For example, Carlson et al, (1972) reported successful hybridization of 
N. glaucQ + N. lang^orfii. This hybrid is probably unstable as sexual 
hybrids between these two species produce genetic (Kostoff) tumors. In 
fact, each group that has selected hybrids between these two species 
has relied on a tumor-dependent characteristic, auxin autotrophy, to 
identify somatic hybrid lines. The small population of plants first 
reported contained only amphiploids (2n = 36) (Carlson et al., 1972). A 
second population of plants, later tested from an independent series of 
experiments, contained only aneuploid plants (none with 2n = 36) (Smith 
et al., 1976), Finally, Chupeau et al, (1978) examined a larger popula¬ 
tion of hybrid plants and found both amphiploid and aneuploid plants. 
The variation in chromosome number may reflect (a) the length of 
culture necessary to recover plants from fused protoplasts and (b) 
incompatibility between the nuclear and cytoplasmic genes that have 
been combined. Unfortunately, the critical experiments necessary to 
distinguish these two forces have not been performed. 

Many of the recovered somatic hybrids are infertile. This is not 
surprising, as mostly aneuploid plants have been recovered and aneu¬ 
ploidy may result in sterility. In two cases infertile plants were 
recovered because a cms line was used as one source of protoplasts 
(Zelcer et al., 1978; Uehimiya, 1982). It appears that infertility is 
higher in more distantly related interspeeies hybrids than in hybrids 
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between closely related species. In Petunia the two interspecific 

hybrids between the most closely related species are fertile, while the 
third interspecific hybrid is sterile (Power et al., 1980). Similarly, 

Sehieder (1980) reported that his hybrids between distantly related 

species were infertile, while hybrids between closely related Datura 
species were fertile. Comparisons on fertility are more difficult within 
the genus Nicotiana, as most experiments were completed in different 
laboratories. However, it should be noted that in one laboratory 

hybrids between the closely related species, N. tahacum + N. sylves- 
tris, were fertile (Medgyesy et al., 1980) while hybrids between more 
distantly related N. tabacum + N. knightiana were sterile (Maliga et 
al., 1978). 


Variability Among Hybrid Plants 

Populations of regenerated plants following protoplast fusion contain 
more variability than comparable populations of plants produced by 
sexual hybridization. Variability has been observed between different 
plants for phenotypic traits such as plant height (21-113 cm? Nagao, 
1979), leaf shape (Smith et al., 1976), leaf size (Zelcer et al., 1978), 
leaf petiole length (0-55.9 mm; Evans et al., 1980), flower length (Smith 
et al., 1976), flower color (Maliga et al., 1978), pollen viability (6.0- 
74S5; Nagao, 1978), crossability (Smith et al., 1976), and isoenzyme 
banding pattern (Maliga et al., 1977), 

Variability in a trait such as pollen viability could be very important 
for use of somatic hybrid plants in breeding programs. When 5 clones 
of N. tabacum + N. nesophUa somatic hybrid plants were compared, 
differences were detected in the ability to collect seed from the hybrid 
plants. In vitro pollen germination varied from 12.2-46.736 for the 5 
clonal lines (Evans et al., 1982). The one line with the highest fre¬ 
quency of pollen germination had the greatest flexibility as it could be 
used in backcrosses to either N. tabacum or N. nesopMla, One clone, 
on the other hand, has not been successfully backcrossed to either 
parent. A third clone was identified as the only clone that would self- 
fertilize. The variability for pollen viability rebates the usefulness of 
each of these different clones. Variability of hybrids may result from 
any or all of three mechanisms. (1) Genetic variability has been ob¬ 
served among plants regenerated from long-term ceU cultures. Popula¬ 
tions of plants from protoplasts could be quite variable particularly in 
light of the long period of in vitro growth required to obtain plant 
regeneration from fused protoplasts. This variation could be reflected 
in recovery of aneuploid plants. (2) The instability of certain nuclear 
combinations may lead to loss of gene expression or physical loss of 
part of the genetic information. If the loss were sufficient, some of 
these changes could be reflected in recovery of aneuploid plants. (3) 
Cytoplasmic or nuclear segregation following fusion results in unique 
combinations of nuclear and cytoplasmic genetic information. Some of 
these unique combinations can be detected phenotypically. Examination 
of the published reports leads to the conclusion that each of these 
three mechanisms may be responsible for the variability observed among 
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regenerated hybrids. A more complete discussion of variability in 
hybrid plants can be found in Chapter 8. 


PROTOCOLS OF PROTOPLAST FUSION 

A number of methods have been proposed to fuse protoplasts of two 
different species. The first succesrful fusion that produced a somatic 
hybrid plant was accomplished using sodium nitrate, a treatment that is 
not as effective as many recently developed methods. Keller and 
Melchers (1973) suggested treating isolated protoplasts vtfith Ca^* ions 
and high pH (10.5). The protoplasts are mixed and centrifuged at low 
speeds (50xg) in the presence of fusion solution and then incubated for 
30 min at 37 C. Itie calcium ions and high pH method has been suc¬ 
cessfully applied with other species (Power et al., 1980). The most 
popular method now in use was developed by Kao and Michayluk (1974). 
Rather than low-speed centrifugation, the protoplasts are brought in 
physical contact by agglutination induced by polyethyleneglycol (PEG). 
Protoplasts treated with PEG fuse during elution in the presence of 
calcium and high pH. The calcium ion concentration of the PEG elut¬ 
ing solution is less in the PEG method than in earlier reported methods 
(KeUer and Melchers, 1973). The PEG method has achieved wide appli¬ 
cation and has been used for animal cell hybridization, thereby 
replacing the famous, but less reliable Sendai virus-induced fusion 
(Davidson et al., 1976). The PEG method has also been successfully 
applied to fungal (Das, 1980) and yeast protoplast fusion (Spencer et 
al., 1980). The PEG method of fusion is nonspecific and has been used 
to produce intra- and interspecific somatic hybrids. By manipulation of 
steps of the procedure outlined below (Table 7), very high fusion fre¬ 
quencies have been demonstrated (Kao et al., 1974). Solutions neces¬ 
sary to achieve protoplast fusion using the PEG method are listed in 
Table 6. Following protoplast release (Chapter 4), enzymes are re¬ 
moved by washing with enzyme wash solution via centrifugation. The 
PEG fusing solution includes PEG with molecular weight = 1540. Con¬ 
centrations and molecular weight of PEG has been varied considerably 
in published reports. After exposure of protoplasts to PEG, a toxic 
chemical, the PEG must be diluted using the PEG eluting solution 
which contains calcium and has pH = 10.5. The basic protocol for 
PEG-mediated fusion, based on Kao and Michayluk (1974), is summarized 
in Table 7, 

The fused protoplasts adhere tightly to the glass surface of the 
eoverslip and therefore can be monitored under the microscope. If 
protoplasts of two different sources are fused, such as leaf and cell 
culture, fusion products can be visually distinguished from parental 
protoplasts. Heterokaryoeytes can also be distinguished using differen¬ 
tial staining (Keller et al., 1973); however, the process of stainii^ kills 
the protoplasts. Attachment of protoplasts to a eoverslip (Table 7) is 
useful as the eoverslip can be removed from the dish and the proto¬ 
plasts fixed and stained while still attached to the eoverslip. 'O'e 
eoverslip is then inverted onto a microscope slide for examination of 
fused protoplasts using a compound microscope. It has been suggested 
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Table 6 . Solutions Necessary for Protoplast Fusion 


Enzyme Wash Solution 
Dissolve; 0.5 M Sorbitol (9.1 g) 

5.0 mM CaCl 2 ' 2 H 20 (75 mg) 
in 100 ml final volume. pH = 5.8 

PEG Fusing Solution 
Dissolve: 0.2 M Glucose (1.8 g) 

10 mM CaCl 2 - 2 H 20 (73.5 mg) 

0.7 mM KH 2 PO 4 (4.76 mg) 
in 50 ml final volume. 

To this 50 ml, add 25 g of PEG 

and dissolve. pH = 5.8 

PEG Eluting Solution 
Dissolve: 50 mM Glycine (375 mg) 

0.3 M Glucose (5.4 g) 

50 mM CaCl 2 ' 2 H 20 (735 mg) 

in 100 ml final volume. pH = 10.5 using NaOH pellets. 

Alternately, this solution can be prepared as two solutions that are 
mixed at the time of fusion. 

(A) 100 mM Glycine (750 mg) 

0,3 M Glucose (5.4 g) 

in 100 ml final volume. pH = 10.5 using NaOH pellets. 

(B) 100 mM CaCl 2 ' 2 H 20 (1470 mg) 

0.3 M Glucose (5.4 g) 

in 100 ml. 

Using these two solutions permits storage without visible precipitation. 
Mix A with B in 1:1 ratio at time of fusion 


that protoplasts could be pretreated with fluorescent probes to identify 
fusion products (Galbraith and Galbraith, 1979). Using fluorescein and 
rhodamine B conjugates, these authors were able to unambiguously 
identify fusion products. The fluorescence persists for at least 48 hr, 
so that this method could be used to mechanically isolate fused proto¬ 
plasts (see below). Galbraith and Maueh (1980) have also demonstrated 
that fluorescent labeled protoplasts are still capable of plant regenera¬ 
tion. 

The PEG method of fusion has been used for a wide variety of plant 
species with only slight modifications. (1) Many authors use PEG with 
molecular weight 6000 rather than 1540. Both of these appear to be 
effective in agglutination plant protoplasts. For fusion of animal cells 
Klebe and Mancuso (1981) tested 7 different preparations of PEG with 
molecular weight 200, 400, 600, 1000, 3000, 6000, and 20,000. The 
optimum molecular weight was 600 followed by 1000. Both 200 and 
20,000 MW were ineffective in induction of cell fusion. (2) The eoncen- 
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Table 7. Polyethylene Glycol Method of Protoplast Fusion 


1 . 0.5 ml of protoplasts from two sources are mixed and diluted to 8 
ml with enzyme wash solution (Table 6). This mixture is centri¬ 
fuged at 100 g for 4 min. 

2. Excess enzyme solution is decanted and the mixed protoplasts are 
resuspended in enzyme wash solution. Step 1 and 2 are repeated 
once. After the second decantation, the precipitated protoplasts 
are resuspended in 1.0 ml of enzyme wash solution. 

3. Put one drop of silicone fluid (Sigma Chemical Company) in a 
Falcon (1007) petri dish (60 x 15). Place a 22 x 22 mm eoverslip 
on top of the silicone drop. 

4. Pipette 0.15 ml of mixed protoplasts onto the glass eoverslip. 
Allow the protoplasts to settle on the eoverslip for ca. 5 min to 
form a thin layer of protoplasts. 

5. CarefuUy add 0.45 ml of PEG solution (Table 6) to the protoplast 
mixture. To create a uniform single layer of protoplasts attached 
to the eoverslip, the PEG should be added to one side of the 
protoplast droplet. 

6 . Incubate the protoplasts in the PEG solution at room temperature 
for 15-20 min. 

7. Add 0.9 ml of PEG eluting solution (Table 6) to the mixture. 

After 10 min, add an additional 0.9 ml to the mixture. 

8 . After the second elution treatment, a protoplast culture medium 
(such as in Table 9) is added to the protoplasts to aid in removal 
of the PEG and the eluting solution. 

9. Add 0.5 ml of culture medium to the mixture. An additional 0.5 
ml is added after 10 min. 

10. After the final wash, the protoplasts should be in 1-2 ml of cul¬ 
ture medium. The petri dish can be sealed with a double layer 
of parafilm and examined in inverted microscope to ascertain the 
frequency of fusion. 


tration of PEG has also been varied. Success has been reported with 
concentrations of PEG between 10 and 50S6. (3) Step 4 of the proce¬ 

dure appears to be very important and this step has been investigated 
in detail (Weber et al., 1976). These authors varied the period of time 
between the removal of the digestive enzymes from the isolated proto¬ 
plasts and agglutination with PEG. Optimum preincubation was 5 min, 
resulting in fusion frequency of 9as, with a decrease to 1% fusion 
frequency after 2 hr of preincubation. (4) Careful preparation and 
storage of the PEG eluting solution is also important (Table 6). 
Difficulty is often encountered in precipitation of calcium hydroxide 
from this solution. 

The PEG-method can reportedly be improved by adding concanavalin 
A (con A) to the PEG solution (Glimelius et al., 1978b). The con A 
strengthens the attachment of protoplasts induced by PEG; hence more 
fusions remain after washing the fusion mixture. This treatment results 
in a small but significant increase in heterokaryocytes. Addition of 
dimethylsulfoxide tt)MSO) also increases the fusion frequency (Haydu et 
al., 1977). Addition of 15% DMSO to the PEG solution increases the 
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frequency of fusion from 3 to 13^. Presumably, DMSO makes the cells 
more susceptible to PEG. This treatment is also effective in animal 
cell fusion. The use of up to 20% DMSO in the fusion solution has no 
inhibitory effects on cell growth. 

It has been stated that phospholipids in the protoplast membrane are 
important in regulating the fusion frequency. Hence it has been 
observed that variation in temperature, which is known to effect the 
concentration of phospholipids, alters the frequency of protoplast fusion 
(Yamada et al., 1980). Nagata et al. (1979) have identified synthetic 
phospholipids that are capable of inducing protoplast fusion. These 
have been proposed as" being useful for studying the mechanism of 
protoplast fusion. 

Other chemicals have also been observed to promote cell fusion. 
Nagata (1978) used a 15% solution of polyvinyl alcohol in combination 
with 0.05 M CaCl 2 and 0.3 M mannitol to fuse plant cells. Polyvinyl 
alcohol (PVA) is a nonionic surfactant and is apparently not harmful as 
cells can grow in up to 2% PVA. PVA is also available with different 
molecular weights, and Nagata (1978) has shown that for fusion PVA 
500 is [H-eferable to either 1400 or 2000. Dextran sulfate has also 
been used to induce protoplast fusion (Kameya, 1979). This chemical 
has had limited use because of its toxicity to plant cells. Klebe and 
Mancuso (1981) tested ability of 118 compounds, all purportedly mem¬ 
brane active, and found greater than 20 compounds that promoted 
animal ceU fusion with nearly the same efficiency as PEG. Particularly 
active were a number of PEG derivatives, some commercially available 
in the pharmaceutical industry. Lectins are also known to agglutinate 
protoplasts (Larkin, 1978), but most of these have not been tested as 
fusogenic agents. A number of other treatments have been suggested 
for protoplast fusion. Of these treatments, most attention has been 
addressed to electrical stimulation. Sends et al. (1979) found that 2 
glass capillary microelectrodes could be used to fuse adhering proto¬ 
plasts. The mieroeleetrodes are placed in contact with the protoplasts 
and a charge of 5-12 microamps for a few milliseconds is sufficient to 
induce fusion. Similarly, high intensity electrical fields have been used 
to fuse plant protoplasts (Vienken et al., 1981). It has even been 
suggested that plant viruses, e.g., potato yellow dwarf virus, may have 
cell fusion capability (Hsu, 1978). 

A number of methods have been used to separate somatic hybrid 
protoplasts from mixtures of hybrid and parental protoplasts. Cell 
sorting methods vary in both complexity and efficiency. Galbraith and 
Maueh (1980) have suggested use of a cell sorter to separate differen¬ 
tially labeled protoplasts, but the high cost of such an apparatus 
precludes its widespread application. Harms and Potrykus (1978) used 
iso-osmotic density gradients to separate fusion products. By centri¬ 
fuging a protoplast mixture for 2-4 min at 50-100 xg in KMC (potas- 
sium-ms^nesium-calcium) sucrose density gradients they were able to 
enrich for heterokaryocytes. The most reliable method of cell separa¬ 
tion thus far applied to protoplast fusion is microisolation. A sample 
ixotocol is listed in Table 8, based on research of Kao (1977) on 
heterokaryocytes between Nicotiana glauca leaf protoplasts and soybean 
(SB-1) cultured cell protoplasts. Heterokaryocytes were easily distin- 
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Table 8. Mieroisolation of Heterokaryocytes Following Protoplast 
Fusion 


1. Fresh medium with lower osmolality is added to the protoplast mix¬ 
ture 24-48 hr after protoplast fusion. An appropriate solution 
would contain one part cell culture to two parts protoplast culture 
medium. 

2. 24-48 hr later the protoplast mixture is diluted with the same cell 
culturesprotoplast culture medium to 200-300 protoplast per ml. 

3. The outer chamber of the Cuprak dish should be fiUed with 3 ml of 
protoplast medium. The protoplasts are transferred to the inner 
wells of a Cuprak dish (Costar 3268) with a disposable micropip¬ 
ette. The dishes are sealed with parafilm. 

4. The inner wells of the Cuprak dish are examined and those wells 
containing a single heterokaryoeyte are marked. Those wells that 
contain a mixture of protoplasts are reseparated. 

5. When heterokaryocytes develop into colonies of 100-200 cells, they 
can be transferred to a 100-200 nl drop of culture medium (one 
part cell culture to two parts protoplast culture medium) in a 
petri dish. 

6. Fresh cell culture medium is then added every 7-8 days. When 
culture has developed, it can be used to initiate a cell suspension 
culture or alternatively be transferred to plant regeneration 
medium. 


guished from the parental protoplasts, as they contained both green 
plastids and cytoplasmic strands. The microisolation procedure was 
aided by a high frequency, 39^, of heterokaryocytes. It is important 
to use a protoplast culture medium capable of supporting growth of a 
single diluted heterokaryoeyte. Kao and Michayluk (1975) developed 
the protoplast medium listed in Table 9. While this medium is probably 
unnecessarily complex, it was specifically developed for culture of cells 
and protoplasts in very low densities. Gleba (1978) has suggested a 
modification of the microisolation method in which heterokaryocytes 
were cultured in very small volumes thereby resulting in an effective 
density of 2-4 x 10^ ceUs/ml. It was suggested that this method 
resulted in very high plating efficiency. 


FUTURE PROSPECTS 

Somatic hybrids have been produced between a large number of plant 
species, but most of these species combinations are restricted to the 
Solanaceae. It is hoped that as efficient protoplast regeneration pro¬ 
cedures become available for other economically important crop plants 
that this technique can be extended to a wide rai^e of plant families. 
Agricultural application can also be expected by use of very wide 
hybrids for intergeneric gene transfer (see Chapter 8), and by wider 
use of cytoplasmic hybrids (see Chapter 9) to transfer useful traits. It 
is necessary that these methods be more closely integrated with con¬ 
ventional breeding before it can be expected that new varieties may be 
EToduced via protoplast fusion. 
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Table 9. Protoplast Culture Medium 8 p of Kao and Michayluk (1975)® 



MACRONUTRIENTS 

PER LITER 


KNO 3 

2500 

mg 


CaCl 2 - 2 H 20 

150 

mg 


MgSOi-THjO 

250 

mg 


(NH4)2S04 

134 

mg 


NaH 2 P 04 H 20 

150 

mg 


FeS 04 H 20 

27.8 

mg 


Na 2 -EDTA 

37.3 

mg 


MICRONUTRIENTS 

PER LITER 


KI 

0.75 

mg 


H 3 BO 3 

3.0 

mg 


MnSO 4 H 20 

10.0 

mg 


ZnS 04 H 20 

2.0 

mg 


Na 2 Mo 04 • 2 H 2 O 

0.25 

mg 


CuS04'5H20 

0.025 

mg 


CoCl 2 - 6 H 20 

0.025 

mg 


VITAMINS 

PER LITER 


Inositol 

100 

mg 


Thiamine HCl 

10 

mg 


Nicotinic acid 

1 

mg 


Pyridoxine HCl 

1 

mg 


ADDITIVES 

PER LITER 

SUGARS: 

Sucrose 

250 

mg 


Glucose 

68.4 

g 


Fructose 

250 

mg 


Ribose 

250 

mg 


Xylose 

250 

mg 


Mannose 

250 

mg 


Rhamnose 

250 

mg 


Cellobiose 

250 

mg 


Sorbitol 

250 

mg 


Mannitol 

250 

mg 

MINERALS: 

CaCl 2 - 2 H 20 

450 

mg 


MgS04-7H20 

50 

mg 

VITAMINS: 

Ascorbic acid 

2 

mg 


Choline chloride 

1 

mg 


Calcium pantho- 

1 

mg 


thenate 




Folic acid 

0.4 

mg 


Riboflavin 

0.2 

mg 


Para-aminobenzoic 

0.02 

mg 


acid 
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Table 9. Cent. 



ADDITIVES 

PER LITER 


Biotin 

0.01 

mg 


Vitamin A 

0.01 

mg 


Vitamin Dj 

0.01 

mg 


Vitamin Bi 2 

0.02 

mg 

ORGANIC ACIDS; 

Citric acid 

40 

mg 


Fumaric acid 

40 

mg 


Malic acid 

40 

mg 

GROWTH 

Sodium pyruvate 

20 

mg 

REGULATORS: 

Casamino acids 

250 

mg 


CW 

20 

ml 


2,4-D 

0.2 

mg 


6BA 

0.5 

mg 


NAA 

1.0 

mg 


®pH = 5.6. Medium must be filter sterilized. 


Accumulating evidence also suggests that populations of somatic 
hybrids are more variable than conventional sexual hybrids. It has 
already been established that within populations of somatic hybrid 
plants a wide range of chromosome numbers can be observed (Melehers 
and Sacristan, 1977), resulting in unique mixtures of interspecific 
nuclear DNA. In addition, a range of unique nuelear-cytoplasmie 
combinations may be recovered following protoplast fusion if nuclear or 
cytoplasmic segregation occurs (Chapter 8). As our knowledge of cyto¬ 
plasmic genetics is increased, it may be possible to produce certain 
desirable nuclear-cytoplasmic combinations. The production of unique 
mixtures of genetic material between species may aid in the selection 
and recovery of agriculturally useful plants followii^ protoplast fusion. 
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CHAPTER 8 

Genetic Analysis of 
Somatic Hybrid Plants 

Yu. Yu. Gleba and D.A. Evans 


Distant interspecific sexual hybrids have been used for development 
of many new crop varieties. The breeding methods used to transfer 
useful genes from a wild species into a cultivated crop are time 
consuming and therefore limit the release of new varieties. Inter¬ 
specific hybrids must be continually backcrossed to the cultivated 
parent to eliminate most of the wild species genome while retaining 
the useful gene(s) before a new variety can be released. It has been 
suggested in numerous review articles that protoplast fusion offers a 
unique method to transfer useful genes into cultivated crops (e.g.) 
Melchers, 1977). 

It is known that sexual crossing is a highly regulated system of 
hybridization, in which only certain organisms in restricted combi¬ 
nations can be used as parents. Moreover, the result of sexual hybridi¬ 
zation is a single type of progeny possessing a restricted genetic 
constitution. Recognition of the limits of the sexual process wiU 
permit us to assess how protoplast fusion can be uniquely inte^ated 
with conventional breeding methods to produce novel plant varieties. 
These generalized limits to sexual hybridization include the following! 

(1) The gametes involved in sexual crossing are highly specialized 
cells. Gametogenesis includes meiotic reduction and segregation of 
nuclear genetic material. Only plants that are capable of normal mor¬ 
phogenesis and gametogenesis can be sexually crossed. For example, in 
many cases prezygotie incompatibility has been based on limitations of 
the morphology of the specialized cells involved in sexual reproduction. 
In some cases protoplast fusion has already been shown to overcome 
prezygotie incompatibility (e.g., Power et al., 1977). 
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(2) Sexual crossing is symmetric in the sense that gametes of both 
parents equally contribute a gametophytic set of nuclear genetic 
material to the progeny. The process of zygote formation includes the 
fusion of gametic nuclei and the restoration of the sporophytic set of 
nuclear genetic material. Each particular descendant is itself the 
genetic product of regular chromosome segregation of the parental 
chromosomes. The properties of nuclear segregation are strictly 
governed by Mendel's laws. These restrictive characteristics of sexual 
hybridization limit the mixture of genetic information that is recovered 
in hybrids. Products of protoplast fusion may result in many asym¬ 
metric hybrids. This could result in the most useful types of combina¬ 
tions that would have all chromosomal material from a cultivated crop, 
but only a few chromosomes or genes from the wild species parent. 

(3) Extranuclear genetic determinants in most crop plants are inher¬ 
ited uniparentally, with maternal transmission expressed in progeny. In 
these species sexual crosses are restricted to only some nuclear-extra- 
nuolear genetic combinations out of many possible combinations (Evans, 
1982). Fusion would permit researchers to produce unique mixtures of 
mitochondrial and chloroplast genetic information. 

( 4 ) Sexual crosses are limited to phylogenetically related plant 
species. Much research has been directed to use of protoplast fusion 
to produce hybrids between species that are too distant to hybridize 
sexually. These intergeneric somatic hybrids are most exciting as they 
permit new gene combinations that have previously been unexplored. 

The most exciting distinction of parasexual hybridization in compari¬ 
son with conventional sexual crossing is that this new method can be 
manipulated by experimentation to produce unique genetic mixtures. 
CeU hybridization with subsequent plant regeneration in vitro is a 
complicated process consisting of a number of variables that may all 
introduce genetic changes prior to plant regeneration. These changes 
in vitro can affect cell fusion, fusion/nonfusion of cell nuclei, or fusion/ 
nonfusion of organelles. As the genotype of regenerated parasexual 
hybrids is affected by aU of these phenomena, it is quite evident that 
by controlling some of the parameters of protoplast fusion that one can 
predetermine the genetic constitution of regenerated hybrid plants. 

Although protoplast fusion can result in unique mixtures of plant 
cells, a number of requirements must be fulfilled before these plants 
can be utilized for crop improvement. First, hybrid cells must be 
regenerated into complete plants. Any two plant cells can be fused; 
however, regeneration of hybrid plants has been limited to only a few 
plant species. The techniques and successes to date in protoplast 
fusion and regeneration are discussed elsewhere in this volume (Chapter 
7). If unique somatic hybrids are to be effectively used for crop 
improvement,' the most important consideration is that the transferred 
genes must be stabily inherited in somatic hybrid plants. Unfortu¬ 
nately, little attention has been directed to the fate of genetic 
information in somatic hybrids. The genetic behavior of intergeneric 
hybrids is particularly excitii^, as all reported experiments have 
resulted in some asymmetric hybrids. By recovering controlled 
symmetric hybrids, a great deal of time can be saved by circumvent¬ 
ing otherwise necessary backcrosses to the cultivated crop. Many 
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events may be extremely important in determining the fate of genetic 
material in somatic hybrid cells and regenerated plants. The frequency 
of cell fusion, nuclear fusion, nuclear segregation and recombination, 
organelle segregation, and recombination all impact on the recovery of 
novel somatic hybrid plants. In addition, the tissue culture conditions 
used to regenerate plants from fused protoplasts may introduce chromo¬ 
some instability, gene mutations, or epigenetic changes that may 
further modify the appearance of somatic hybrids. While the potential 
variability of somatic hybrid plants is astonishing, it is important to 
control and regulate these phenomena. In this chapter we wiU attempt 
to summarize available information on the fate of genetic information in 
somatic hybrids and to speculate on the usefulness of protoplast fusion 
as a method of directed gene transfer. 


REVIEW OF LITERATURE 
Nuclear Genetics 

Most somatic hybridization experiments have been designed to fuse 
two diploid protoplasts to produce a plant containing the summation 
chromosome number. Thus somatic hybrid plants would have a chromo¬ 
some number equal to twice the chromosome number of comparable 
sexual hybrids. Hybrids that are directly comparable to sexual hybrids 
can be produced by fusing haploid cells of each species (Melchers and 
Labib, 1974); however, most experiments to date have used protoplasts 
isolated either from callus or from diploid somatic cells. In practice, 
though, most somatic hybrids that have been examined do not contain 
the amphiploid chromosome number. 

Selection of hybrids has been based on complementation of mutations 
{Chapter 7). As these markers usually have a nuclear genetic basis, 
complementation represents evidence that the two parental nuclei have 
fused. Complementation has been obtained following fusion of proto¬ 
plasts from two recessive chlorophyll deficiency mutants (Melchers and 
Labib, 1974; Schieder, 1977). If complementation is observed, it is 
expected that at least a part of the chromosomal material of each 
parent is present in regenerated somatic hybrid plants. While many 
aneuploid plants have been recovered following fusion, it is presumed 
that aneuploidy is the result of chromosome elimination following 
protoplast fusion. This elimination may reflect loss of chromosomes due 
to cellular incompatibility or due to chromosome variation induced by 
culture conditions prior to regeneration. In fact, the amphiploid chro¬ 
mosome number has been reported in at least some regenerated plants 
of a number of interspecific somatic hybrids (Chapter 7), representing 
further evidence that nuclear fusion has occurred. 


MULTIPLE NUCLEAR FUSION. Microscopic examination of proto¬ 
plast cultures shortly after fusion has shown that multiple fusions can 
result following polyethylene glycol treatment. It has been su^ested 
that such multinuelear products are viable and may be able to form 
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whole hybrid plants. Amor® the intraspecifie Nicotiana tabacum soma¬ 
tic hybrids produced following fusion of two chlorophyll defective, light 
sensitive varieties (each with 2n = 24), a number of plants were recov¬ 
ered with 2n = 72 chromosomes (Melchers and Sacristan 1977). As 
most hybrid plants contained the summation chromosome number of the 
two haploid tobacco, 2n = 48, it was su^ested that the triploid plants, 
which in some cases were regenerated after only a short culture peri¬ 
od, were the result of fusion of three nuclei. Similarly Smith et al. 
(1976) counted chromosomes of 23 mature hybrid plants following fusion 
of N. langsdorfii (2n = 18) with N. glauca (2n = 24). None of the 
hybrid plants contained 42 chromosomes. The 2n number of regener¬ 
ated plants was restricted to 56-63 chromosomes with a mean of 59.3. 
As these plants were regenerated following extended culture periods, it 
was proposed that the hybrid plants were derived from triple fusions 
containing two glauca nuclei (GG + GG + LL = 66 chromosomes) or 
two langsdorffii nuclei (LL + LL + GG = 60 chromosomes). Chupeau et 
al. (1978) found a wider range of chromosome number when they fused 
glauca with langsdorffii. These authors recovered some hybrids be¬ 
tween these two species that had 42 chromosomes. As a few hybrids 
that had 55-64 chromosomes were also isolated by these workers, it 
has been suggested that in some species combinations, such as glauca- 
langsdorffii, the growth conditions used to regenerate plants may favor 
cells derived from multiple nuclear fusion. 

Multiple cell fusion may be an important phenomenon during proto¬ 
plast fusion. Evidence that plants are derived from multiple fusion 
events also comes from experiments where intraspecific heteroplasmic 
tobacco fusion products were isolated mechanically and cloned (Gleba 
and Berlin 1979; Gleba, 1983). Among the cells derived from single 
heterokaryons both hybrid and pure parental type cells have been 
found. Such mosaic calli could only have originated from multiple 
fusion events, in which two nuclei of different parents fused and a 
third nucleus did not fuse. This third nucleus then segregated during 
subsequent mitotic divisions. Similar results have been reported 
following cloning of N, tabacum + N. plumbaginifolia interspecific fusion 
products (Sidorov et al., 1981). 


NUCLEAR SEGREGATION. In some cases nuclear fusion may not 
occur following protoplast fusion. In protoplasts where nuclear fusion 
does occur, the fusion of nuclei hafe been observed in interphase cells 
or alternatively may not occur until fused protoplasts undergo the first 
of later mitotic division (Kao, 1976). If nuclei do not fuse, it is 
possible to establish "fused/nonfused" mosaic cell lines that may result 
in regeneration of nonfused shoots. Plants resulting from nuclear segre¬ 
gation following protoplast fusion with subsequent cytoplasmic segrega¬ 
tion (see below) could contain the nucleus from one parent and the 
cytoplasm of a second parent. 

In the early experiments of Gleba et al, (1975). the semidominant 
genome mutation Su and plastome mutation both causing chlorophyll 
deficiency were fused to follow the fate of nuclear and plastome genes. 
It was demonstrated that some of the hybrids recovered on the basis of 
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genetic complementation and restoration of chlorophyll synthesis had 
wild nucleus type. The absence of Su gene in these products was due 
to nonfusion and segregation of nuclei in some heterokaryocytes. 

While nuclear segregation may be dependent on the taxonomic 
relatedness of the two species being fused, it is evident from the 
literature that certain techniques can be modified to regulate the 
frequency of fused versus nonfused regenerated plants. Eecently, Gleba 
(1983) used mechanical isolation and individual culturing (clonii^) of 
heteroplasmic protoplast fusion products of tobacco to demonstrate that 
in the majority of the clones, nuclear fusion did not follow ceU fusion. 
Hence nuclear segregants were obtained in high frequency. In other 
eases the nuclear fusion rate is high and sometimes is close to 1005s 
(Sidorov et al., 1981; Menezel et al., 1981). When Sidorov et al. (1981) 
used mechanical isolation to separate putative N. tabacum + N. plum- 
bagtnifolia somatic hybrids approximately 10056 of the regenerates had 
fused nuclei. However, when N. tabacum mesophyll cells were preirra¬ 
diated with Co 60-rays (60 J/kg), the yield of hybrids with fused nuclei 
was reduced to 60^. Menezel et al. (1982) has demonstrated that the 
frequency of fused nuclei is correlated with the dose of preirradiation 
of tobacco cells. Itiese authors observed a consistent reduction of 
hybrid nuclei from 100 to 22* as irradiation dose increased from 0 to 
210 J/kg. Zelcer et al. (1978) first proposed use of preirradiation 
treatment to produce cybrids to permit transfer of cytoplasmic male 
sterility from N. tabacum to N. sylvestris. Zelcer et al. (1978) used 
42 J/kg irradiation prior to fusing N. sylvestris + N. tabacum and only 
73* of recovered m^e sterile plants had hybrid nuclei. 


SEXUAL TRANSMISSION OF NUCLEAR GENETIC MARKERS. With 
the exception of the specific markers used to select hybrids, single 
nuclear genetic markers have not been followed in the sexual progeny 
of somatic hybrids. Certain morphological traits, presumed to be under 
nuclear genetic control, have been monitored in selfed and backcrossed 
progeny of somatic hybrids. Power et al. (1978) followed segregation of 
flower color in Ri and BCi progeny of P. parodii + P. hybrida somatic 
hybrids and found that most Ri plants were the same phenotype as the 
parent somatic hybrids. These authors observed that other vegetative 
and floral morphological characters segregated independently of flower 
color. 

Chlorophyll deficient mutants hkve been used to visually select 
somatic hybrids. In most cases single gene recessive mutants were 
used to produce green somatic hybrids due to complementation. Intra¬ 
specific somatic hybrids are relatively easy to genetically analyze. 
Melchers and Labib (1974) fused protoplasts of two haploid light sensi¬ 
tive lines (s and v) of N. tabacum. These mutations were complement¬ 
ed following fusion and resulted in green somatic hybrid plants with 2n 
= 48. Similarly, sexual hybrids between these two lines could be 
produced. Tlie s and v mutants segregated in the Fz and Ri genera¬ 
tions of the sexual and somatic hybrids, respectively. The segregation 
ratio of the somatic hybrid was identical to the comparable sexual 
hybrid (Table 1). It is expected, and has been observed, that altered 
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segregation ratios occur in progeny of intraspecifie tetraploids (Grant, 
1975). Insufficient data has been published to permit complete analysis 
of genetic ratios in intraspecifie hybrids although Melchers (1977) data 
suggest that nuclear segregation in somatic hybrids is not different 
from comparable sexual hybrids. 


Table 1. Progeny Analysis of Intraspecifie Nicotiana tabacum Somatic 
Hybrids (2n = 48) Derived by Fusing Two Haploid Nonallelic 
Chlorophyll-Deficient Mutants (s + v) (after Melchers, 1977) 


F 2 

GREEN 

YELLOW- 

GREEN 

LIKE-V 

LIKE-^ 

LETHAL 

Somatic hybrid 


174 

101 

32 

4 

Sexual hybrid 

■■ 

77 

64 

20 

5 


AUotetraploids derived by protoplast fusion have the summation of 
chromosome complements from two diploid species. The mode of segre¬ 
gation of genes introduced into these hybrid depends on the presence 
or absence of active homologous genes in the different genomes. The 
degree of homology is reflected in chromosome pairing. It is presumed 
that most interspecies hybrids would be segmental allotetraploids, so 
that it is difficidt to predict segregation ratios for specific genes in 
advance. It is likely that different segregation ratios would be 
observed for genes located in different regions of the genomes of a 
single amphiploid (Grant, 1975). Such ratios have been observed for 
progeny of interspecific amphiploid sexual hybrids in Gossypium (Gerstel 
and Phillips, 1958) and Nicotiana (Gerstel, 1963). In some Gossypium 
crosses it was demonstrated that the segregation ratios of a single 
gene varied dependent on the interspecies combination. Segregation 
ratios are correlated with the average degree of chromosome pairing 
between genomes carrying the genes in different hybrid combinations. 
Schieder (1980b) found that Ri, R 2 , and R 3 progeny of D. iimoxia + D. 
discolor and D. innoxia + D. stramonium somatic hybrid plants segre¬ 
gated for the albino Al/5a mutant derived from D. innoxia. Among 
seed of various generations, the number of chlorophyll-deficient seed- 
lit^ varied from 0 to 10%. This percentage of chlorophyll-deficient 
seedlings is consistent with the limited chromosome pairing observed 
during meiotic analysis of the interspecific Datura somatic hybrids. 
Schieder also found one abnormal flor^ segregant among R 3 progeny 
that was later identified as an aneuploid variant plant (2n = 44). 
Similarly, Evans et al. (1981) observed albino seedlings among the 
progeny of N. nesophila + N. tabacum somatic hybrids by using the 
Su/Su albino genotype of N. tabacum (Table 2). The segregation ratio, 
about 2 % albinos, is consistent with the limited chromosome pairing 
observed in embryo-culture produced hybrids of these two species (Reed 
and Collins, 1980). Backcrosses to either parent resulted in no albino 
progeny (Table 2). The light green trait (from Su/Su) could also be 
followed in these particular somatic hybrids (Evans et al., 1981). To 
this date genetic analysis has only been completed for these Datura 
and Nicotiana interspecific somatic hybrids. In each ease the parent 
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species are distantly related and have very limited mitotic pairing, 
thereby resulting in aberrant segregation ratios. As somatic hybrids 
have twice the chromosome number of comparable sexual hybrids, the 
genetic analysis of these plants is complicated. 


Table 2. Progeny Analysis of InterspeciBc Somatic Hybrids (2n = 96) 
Derived by Fusion Albino (Su/Su) N. tabacum with N. 
nesophUa (from Evans et al., 1981) 


CROSS 

DARK 

GREEN 

LIGHT 

GREEN 

ALBINO 

(N. nesophila + N. tabacum) x 

58 

36 

0 

N. tabacum 




(N. nesophila + N. tabacum) x self 

11 

35 

1 


ANDROGENESIS. Fortunately, anthers of somatic hybrids can be 
cultured to recover plants that have a chromosome number that is 
comparable to interspecific sexual hybrids. Also, as androgenesis 
produces plants from microspores, the anther-derived plants represent a 
method to dissect the genome of the two species that were combined 
by protoplast fusion. Sehieder (1978b) cultured anthers of intraspecifio 
D. irmoxia somatic hybrids produced following fusion of two mutant 
lines, Al/5a and A7/ls. Among the 2n plants recovered following 
anther culture, both albino mutant phenotypes could be distinguished. 
In this autotetraploid a 25:10 ratio of green to albino is expected 
when it is assumed that the double mutant is inviable. Sehieder 
(1978b) recovered 45 wild type and 17 albino plants from anther 
cultures (x^ = 0.040, 1 d.f., p > 0.95), 

In interspecific hybrids, chromosome pairing and recombination 
observed in somatic hybrids is reduced or eliminated, and it may there¬ 
fore not be possible to recover comparable albinos via anther culture. 
In the case of N. otophora + N. tabacum somatic hybrids, aU plants 
with 2n = 72 chromosomes are light green Su/Su/+/+. As the tabacum 
genome is Su/Su and the homologous allelic pair; in the otophora 
genome is presumed to be +/+, it follows that only one type of gamete 
(Su/+) containing one homologous chromosome from each genome is 
produced during mierosporogenesis. Hence, all N. otophora + N. 
tabacum anther culture-derived plants examined to date contain 36 
chromosomes and are light green. Consequently, in this interspecies 
somatic hybrid androgenic plants do not segregate for the Su trait. 


MITOTIC RECOMBINATION AND GENE TRANSFER. Leaf spot for¬ 
mation is associated with the Su locus of N. tabacum. The frequently 
observed double spots have been shown to be the result of mitotic 
recombination in N. tabacum (Evans and Paddock, 1976). The presence 
of double spots implies an exchange between the two genomes. In 
these hybrids, there is no evidence that the exchat^e is due to reci¬ 
procal recorabinationj however, it is likely that spot formation reflects 
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exchange between the glauea and tabacum genomes. The frequency of 
spot formation can be increased in the somatic hybrids as in parental 
N. tabacum, by treating the shoot apex with X-irradiation (Evans et 
al., 1980). Similar spots have been observed when other tficotiana 
species were fused to Su/Su N. tabacum (Evans et al., 1981). llie 
Su/Su locus is a marker that permits us to monitor the frequency of 
intergenomic recombination. As the frequency of recombination is high 
and can be further increased with chemical or physical treatment, it is 
likely that gene exchange can be successfully manipulated in somatic 
hybrids. 

There is already evidence that recombination has occurred in some 
very distant putative somatic hybrids to permit transfer of a small 
amount of genetic information from Aegopodium podagrarla into carrot 
(Dudits et al., 1979). Similarly, it has been suggested that fusion could 
be used to facilitate gene transfer between widely divergent plant 
species by irradiating one nucleus prior to protoplast fusion (Dudits et 
al., 1980a). Incorporation of these methods would permit rapid intro¬ 
duction of useful, selectable genes from wild species into cultivated 
crops. 


Cytoplasmic Genetics 

BIPARENTAL TRANSMISSION AND MITOTIC SEGREGATION OF 
PLASMAGENES. Genes in the chloroplast and mitochondria have been 
reported to be. inherited either biparentally or uniparentally. Sears 
(1980) lists those higher plant species with maternal or biparental 
organelle inheritance. In most crop species, strict maternal inheritance 
has been observed in sexual hybrids in which chloroplasts and mito¬ 
chondria are excluded from sexual progeny. However, during protoplast 
fusion the contents of the cytoplasm of both cells are mixed together. 
The fate of mixed cytoplasms has been monitored in many somatic hy¬ 
brids. 

Gleba et al. (1975) reported presence of mixed cytoplasms in vari¬ 
egated plants obtained following fusion of two N. tabacum lines (see 
above), plastome mutant and Su nuclear mutant. Cytoplasmic heterozy¬ 
gosity rather than chimericity was confirmed by transmission of the 
variegated trait to sexual progeny. Protoplasts of N. tabacum plastome 
mutant were also fused with (a) eras tobacco analog that contained N. 
tabacum nuclear genome and N. debneyi cytoplasm and (b) protoplasts 
of N. debneyi (Gleba et al., 1978; Gleba 1978b; Gleba and Sytnik 
1983). In both cases variegated plants have been recovered among 
progeny. Plants were at least cytoplasmic hybrids (heterozygotes), 
since the ribulose bisphosphate carboxylase large subunits were 
composed of both N. tabacum and N. debneyi polypeptides, and since 
variegation was transmitted maternally to sexual progeny. Also, 
"mixed" cells simultaneously containing both types of plastids were 
Effesent in variegated plants. Heterozygosity for genes causing 
plastome chlorophyll deficiency has also been observed among fusion- 
derived hybrids in experiments of Sidorov et al. (1981), Glimelius and 
Bonnett (1981), and Hakata and Oshima (1982) i.e., in all experiments 
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where plastome ehlorophyll-less mutants have been used as one of the 
parents. Belliard et al. (1977) and Gleba and Piven (ci. in Gleba and 
Sytnik 1983) observed segregation of flower malformation and male 
sterility/fertility characters in vegetatively propagated plants obtained 
after fusion between wild-type tobacco and either cms tobacco analog 
possessing N. debneyi cytoplasm or N. debneyi, respectively. 

Because of mitotic segregation of plasmagenes, one or the other 
parental type of chloroplast is often observed after fusion. This segre¬ 
gation has been observed by monitoring the fate of various cytoplasmic 
markers in regenerated hybrid plants and in the progeny of somatic 
hybrids. Chen et aL (1977) followed segregation of the large subunit 
of Fraetion-l [M*otein in N. glauca + N. langsdorfii somatic hybrids and 
observed that segregation to the langsdorfii or glauca-type chloroplasts 
occurred prior to meiosis in most of the hybrids containing mixed cyto¬ 
plasms. In these hybrids and in most other cases segregation was 
random to one or the other type cytoplasm. In other reports non- 
random segregation to one parental type has been observed (Flick and 
Evans, 1982; Maliga et al., 1980). Nonrandom segregation may reflect 
nucleo-cytoplasmic incompatibility or may reflect the choice of cell 
types (e.g., cell suspension culture versus leaf-derived protoplasts) used 
for protoplast fusion. Detailed examination of N. debneyi chloroplast 
DNA in intraspecific somatic hybrids suggests that chloroplast segrega¬ 
tion occurs shortly after protoplast fusion (Scowcroft and Larkin, 1981). 
In these hybrids where effort was made to insure that each parental 
protoplast had an equal chance of survival following protoplast fusion, 
segregation was random. Most likely segregation occurs during shoot 
regeneration, when the number of chloroplasts or proplastids is reduced 
to about 10-20 per cell. 


CYTOPLASMIC MARKERS. There are a limited number of markers 
available to monitor the cytoplasmic inheritance in somatic hybrids. 
However, the number of cytoplasmic traits has been increasing rapidly 
within the past few years. Chloroplast DNA (epDNA) is the site of 
coding for the large subunit of Fraction-1 protein that has been 
monitored in many hybrids (see Chapter 9). Insensitivity to tentoxin is 
also encoded in the cytoplasm as tentoxin binds to chloroplast 
coupling-faetor-1 in sensitive species, a product of cpDNA. Maliga et 
al. (1980) has used streptomycin resistance as a chloroplast marker in 
several fusion experiments. The SR-1 trait was isolated from cultured 
tobacco cells and the streptomycin resistance of SR-1 is associated 
with an altered chloroplast ribosomal protein (Yurina et al., 1978). 
Plastome chlorophyll deficiency mutants encoded in cpDNA have also 
been used to follow the fate of chloroplasts following fusion. More 
recently restriction enzyme analysis of isolated cpDNA has been used 
to follow the fate of different parental chloroplasts (cf., Scowcroft and 
Larkin, 1981). 

There is a paucity of mitochondrial genetic markers. In some eases 
it has been demonstrated that cytoplasmic male sterility (cms) is 
encoded in the mitochondria; however, no other useful phenotypic 
markers have been localized in the mitochondria. It is possible to 
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follow the fate of mitochondrial DNA (mtDNA) by restriction enzyme 
maps of isolated mtDNA. However, in at least some species mitochon¬ 
dria contain a mixed population of many sizes of DNA that results in 
extensive rearrangement and recombination in hybrid cells (Quetier and 
Vedel, 1977), In most cases it has not been determined if cms is 
encoded in mitochondria or chloroplasts. Similarly, a number of potenti¬ 
ally useful traits have been identified as being maternally inherited and 
eventuaUy may add to the list of available cytoplasmic markers. 


RECOMBINATION OF CYTOPLASMIC DNA. Recombination of mito¬ 
chondrial DNA has been reported in several cytoplasmic hybrids. Re¬ 
combination is monitored by examining restriction digest patterns of 
mtDNA. AH reports of mtDNA recombination in somatic hybrids have 
been with species in the genus Nicotiana and include N. tabacum + N. 
debneyi (BeUiard et al., 1979); N. tabacum + N, sylvestris (Galun et 
aL, 1982); and N. tabacum + N. knightiana (Nagy et aL, 1981). In 
some of these and other experiments, no recombination of epDNA was 
detected using restriction digest analysis. No recombination of cpDNA 
was observed in the following cybrids: N. tabacum + N. debneyi 
(BeUiard and PeUetier, 1978); N. tabacum + N. knightiana (Menczel et 
al., 1981); N. tabacum + N. suaveolens (Glimelius et al., 1981); or N. 
debneyi + N. debneyi (Scowcroft and Larkin, 1981). However, one 
preliminary report has suggested recombination of cpDNA in N. glauca 
+ N. langsdorffii somatic hybrids (Conde, 1981). 


Production and Gene Transfer of Intergeneric Hybrids 

INTERFAMILIAL CELL HYBRniS OF HIGHER PLANTS. There have 
been several reports on attempts to obtain ceU hybrids between species 
that belong to different plant families. In most cases, however, obser¬ 
vations have been limited to the first few ceU divisions in fusion 
products. Visual observations were used when possible, particularly 
when morphologicaUy different parental ceU types were used, e.g., 
when caUus protoplasts were fused with mesophyU protoplasts. The use 
of such visual observations is limited. However, the oteervations are 
of some importance as hybrid cells in interfamilial combinations have 
been able to complete several ceU divisions foUowing fusion. 

One early successful experiment was aimed at isolation and study of 
clones of interfamUiar eeU hybrids (Kao, 1977; Wetter, 1977; Kao and 
Wetter, 1976). These authors isolated ceU hybrids of Glycine max + 
Nicotiana glauca. Individual dividing fusion products were mechanicaUy 
isolated and then cultured in droplets of conditioned medium. Twenty 
ceU lines were isolated, with cell division maintained for more than 8 
months (about 100 eeU generations). Chromosomes were analyzed and 
isozymes (aspartate aminotransferase and alcohol dehydrogenase) moni¬ 
tored for 2-8 months in culture. Chromosome analysis of the first cell 
division after fusion was also performed. In 48 hr mixed cultures, 
premitotic fusion of nuclei was observed. Karyokinesis in hybrid cells 
was nonsynchronous. The N. glauca chromosomes had a tendency to 
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condense and fuse together. Chromosome bridges were observed in 
anaphase of fusion products. 

During the first division, superlong chromosomes (megachromosomes), 
ring chromosomes, fragmented chromosomes, and multiconstrictional 
chromosomes were observed. After 1-2 months of isolated culture, 
clones from hybrid cells still revealed megachromosomes, chromosome 
fragments, and anaphase bridges. During subsequent months the number 
of tobacco-type chromosomes was gradually reduced. In addition, 
standard tobacco chromosomes were rarely observed, whereas chromo¬ 
somes with two and more constrictions were frequently observed. 
Short chromosomes that were probably reconstituted tobacco chromo¬ 
somes were also observed. After 6 months of culture, some tobacco 
chromosomes were still preserved in 5 of the 20 hybrid lines. During 
the same culture period, parental callus cultures of N. glauca and 
soybean had invariable chromosomal morphology. The isozyme study 
confirmed the presence of isozyme forms of both tobacco and soybean 
in all the cell lines during the early stages (2-4 months) of culture. 
However, by the eighth month the specific isozyme forms of tobacco 
ceased to appear in most cultures. The electrophoretic data were In 
good agreement with the data of chromosome analysis. The authors did 
not report any morphogenesis, which is not surprising, as the soybean 
cultured cells are incapable of morphogenesis. Hence the absence of 
morphogenesis in hybrid lines can be connected with the predominance 
of soybean chromosomes and loss of N. glauca chromosomes in cell 
hybrids. 

These authors have used these unique hybrid cell lines in subsequent 
fusion experiments (Wetter and Kao, 1980). The hybrid cells of Glycine 
max + Nicotiana glauca that lost chromosomes of N. glauca were 
"backfused" twice by somatic hybridization with mesophyU protoplasts 
of N. glauca. The first recurrent protoplast fusion was carried out 27 
months after the initial fusion. The second backfusion was performed 7 
months after the first backfusion. As a result, lines which had 
previously lost all evidence of tobacco chromosomes, as well as all 
isozyme forms of aspartate aminotransferase characteristic of tobacco, 
retained tobacco information. The backfusion cell lines had a consider¬ 
able increase of tobacco chromosome material, as was evidenced by 
normal and reconstructed chromosomes of N. glauca. In addition, the 
isozyme bands of N. glauca were evident for at least 2 years after the 
first backfusion and at least 6 months after the second backfusion. As 
numerous chromosomal rearrangements were visible in recurrent fusions, 
it is likely that increasing quantities of N. glauca genetic information 
were recombined with soybean chromosomes resulting in stable incorp" 
orations of N. glauca information into the new cell hybrids. In order 
to alter the cell cycle stage of the N. glauca protoplasts during the 
second baekcross fusion, the N. glauca leaves were preincubated in 
culture medium for 24 hr prior to protoplast isolation. As fusion of 
different homophasic animal cells increases chromosome stability in 
resultii^ hybrid lines (Rao et al., 1975), it was su^ested that these 
plant cells fused while at the same stage in the cell cycle would also 
have increased stability. Additional studies with this well-charac¬ 
terized plant system could support this hypothesis and aid in under- 
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standing a number of basic questions regarding cell fusion. Chromo¬ 
some elimination has been reported in cell hybrids of other distantly 
related plant species including Vida faba + Petunia tcytrida (Bindii^ 
and Nehls, 1978), which represents another fusion of a legume and a 
solanaceous species. In this fusion some hybrid cell lines lost Vida 
chromosomes, while other lines lost Petunia chromosomes. 

Chien et al. (1982) have recently produced somatic cell hybrids of 
Sicotiana tabacum + Glydne max by fusion of tobacco mesophyll and 
soybean callus protoplasts. A total of 21 hybrid cell lines were 
obtained by mechanical isolation and culturing of individual fusion 
Iffoducts. After 3 months of culturing, approximately two-thirds of the 
tobacco chromosomes were retained in some hybrid cells. After 6 to 7 
months of culturing, 5 cell lines had retained more than half the 
tobacco chromosomes in the majority of cells, whereas another 6 cell 
clones studied had lost nearly ^ the N. tabacum chromosomes except 
for a very low number of cells which stUl retained a number of 
tobacco chromosomes. In many cells megachromosomes and chromosom¬ 
al bridges have been observed. No morphogenetic activity has been 
reported for callus cells of these hybrids. These results provide 
another example of successful hybridization of species belonging to 
different families and indicate that greater chromosomal stability could 
be partially maintained in interfamiliar hybrids. 

Using individual culturing of heteroplasmic fusion products, Gleba et 
al. (1983b) have been able to isolate somatic cell hybrids after fusion 
of mesophyll protoplasts of pea (Pisum sativum) and callus protoplasts of 
Chinese tobacco (Nicotiana chinensis). Three clones were obtained but 
only one fast growing clone was amenable to detailed analysis 6 months 
after hybridization. Electrophoretic separation and specific staining for 
esterase and amylase activities have demonstrated the presence of 
species specific multiple molecular forms of enzymes of both parents to 
be {x-esent in somatic cell hybrids. Karyological analysis has revealed 
the presence of both tobacco and pea chromosomal types in at least 
some of the dividing cells. Cells of the hybrid clone lose Pisum 
chromosomes. Nuclear material undergoes drastic rearrangements as 
indicated by fragmentation of nuclei, presence of multinuclear cells, 
occurrence of megachromosomes, and anaphase bridges, but these 
changes apparently do not affect morphology and number of Chinese 
tobacco specific chromosomes. Chromosomes of the two parents tend 
to group separately in a common metaphase indicating spatial separa¬ 
tion of parental genomes in the hybrid nuclei. Until now, we were 
unable to induce any sort of morphogenetic activity in these cell 
clones. 

The analysis of data obtained so far permits us to state that by 
using somatic hybridization, it is possible to obtain viable lines of cell 
hybrids between species belonging to different families and even orders. 
Interfamiliar plant cell hybrids are similar to animal somatic cell 
hybrids (Ringertz and Savage, 1976), as they typically display chromo¬ 
some reconstruction and chromosome elimination of one of the parent 
species. It is still uncertain if morphogenesis can be induced in cell 
cultures of interfamiliar hybrids. 
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INTERGENERIC (INTERTRIBAL) HYBRID PLANTS. Several works 
have dealt with attempts to produce somatic hybrids between distantly 
related plant species belonging to the same family. Such intergenerie 
or intertribal hybrids have been reported in the Cruciferae, Solanaceae, 
and Umbelliferae families. It should be mentioned that, as far as we 
know, all attempts to obtain hybrids of species belonging to different 
taxonomic tribes by sexual crossing have been unsuccessful. 

In our work (Gleba and Hoffmann, 1978, 1979; Gleba et al., 1978; 
Komarnitsky and Gleba, 1981) the hybridization of callus protoplasts of 
Arabidopsis thdliana with mesophyll protoplasts of turnip, Brassica 
compestris, was reported. The selection of hybrids was performed using 
a modified method of Kao (1977), that is, mechanical isolation of 
dividing heterokaryoeytes using a micropipette followed by individual 
cultivation (cloning) in microdroplets of conditioned medium (Gleba, 
1978). With this method, more than 30 hybrid clones were obtained. 
Six Arabidopsis-Brassica clones were analyzed 4 months after hybridi¬ 
zation. Chromosome analysis was possible, as the parental chromosome 
types differed in size and morphology. Detailed study of 6 cell hybrid 
clones confirmed in all the cases the presence of chromosomes of both 
parental types in the same metaphase cells. 

Cytological study also revealed reconstructed chromosomes (chrom^ 
somes with two constrictions, ring chromosomes) that were absent in 
parental cells. Mitotic abnormalities (anaphase bridges, multichromo¬ 
some chains) were also observed. 

Biochemical basis of the clones was evaluated using electrophoresis. 
Examination of multiple molecular forms of esterase, lactate and alcohol 
dehydrogenase, and peroxidase all revealed characteristic isozyme forms 
for both parents. TTie analysis of Arabidopsis + Brassica cell hybrids 
has shown that chromosomes of both species were preserved in all lines 
for at least 7 months after fusion. These data were in contrast to the 
Glycine + Nicotiana cell hybrids in which a rapid (during first months 
of culturing) reconstruction and elimination of tobacco chromosomes was 
reported (Kao, 1977; Wetter, 1977). From our observation it was sug¬ 
gested that within the same plant family the genetic material of two 
distantly related species can be integrated and organized for subse¬ 
quent cell regffoduction without extensive elimination of genetic mater¬ 
ial of one of the parents. 

Esterase isozymes were monitored in six cell lines for 15 months of 
culture, during which the cells had undergone at least 80-90 subsequent 
ceU divisions. It has been demonstrated that in four of the six cell 
lines, no changes in isozyme spectra occur. This represents additional 
evidence in support of genetic stability of these intertribal cell hybrids. 
In one line, all molecular forms of turnip esterase were eventually lost. 

The attempts to induce morphogenesis in cell cultures of Arabidopsis 
+ Brassica intertribsd cell hybrids were also successful. Besides root 
organogenesis, in three clones shoots and abnormal plants were regene¬ 
rated. The regenerates from the stable cell lines were verified as 
hybrids based on analysis of chromosomes, esterase isozymes, and Frac¬ 
tion-! protein. All regenerated plants contained only Brassica plastids. 
The regenerated hybrid plants derived from chromosomally stable cell 
lines were highly homogenous and morphologically intermediate between 
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Arabidopsis and turnip. However, these regenerates would not flower 
and formed abnormal roots. On the other hand, regenerates from the 
segregating cell line that lost most of the turnip chromosomes were 
morphologically diverse and included both anomalous shoot-like tera¬ 
tomas as well as almost perfect flowering plants similar to Arabidopsis 
(Hoffmann and Adachi, 1981). The study of the most regular Arabidop- 
sis-like plants has revealed that they contain only small amounts of 
turnip genetic material. In some regenerates, single large chromosomes 
characteristic of turnip are sometimes observed, as weU as some 
morphological characters typical of turnip such as presence of chloro¬ 
phyll, yeUow petals, and simple nonbranehing forms of trichomes. 
These morphological characters are absent in the parental strain of 
Arabidopsis that was used for fusion. All plastids of these "asymmet¬ 
ric" hybrids were derived from turnip. All the flowering hybrid plants 
were sterile. The above experiments demonstrate that at least in some 
hybrid cells morphogenesis of whole plants may be induced. Some 
morphogenesis is possible both for relatively symmetric hybrids and for 
asymmetric hybrid cells that contain only a portion of the genome of 
one of the parents. While these intergeneric cell hybrids were regen¬ 
erated to hybrid plants, it should be noted that aU the plants obtained 
in these experiments were morphologically abnormal and in all cases 
incapable of sexual reproduction. 

Krumbiegel and Schieder (1979) reported the regeneration of hybrid 
shoots and teratomas from intertribal protoplast fusions of the Solana- 
ceae species Datura imoxia and Atropa belladonna. These two species 
possess strikingly different chromosomes as Datura chromosomes are 
about twice as long as those from Atropa, thereby facilitating chromo¬ 
some analysis. Protoplasts were isolated from the leaves of chloro¬ 
phyll-defective Datura mutants and from the wild type leaves of 
Atropa, Hybrid calli were selected during shoot regeneration by iso¬ 
lating green (Atropa character) shoots that were covered with thick 
trichomes (Datura character). Eight independent fusion experiments 
were performed, resulting in isolation of 13 putative hybrids. The 
preliminary chromosome analysis has shown the presence of chromo¬ 
somes of both parental species in the same metaphase cells. 

One amphidiploid line has been isolated, but is incapable of shoot 
morphogenesis. Nevertheless, shoots were obtained in other lines 
carrying partial chromosome sets. Further analyses demonstrated that 
morphologically normal shoots could be obtained, but only after ca. 18 
months of unorganized growth of the hybrid cells. Cytological studies 
revealed that in regenerated shoots, only ca. 40 of the original 72 
Atropa chromosomes were retained (Schieder and Krumbiegel, 1980). In 
other instances, albino shoots reflecting Datura chlorophyll deficiency 
were regenerated and contained as many as 36 Atropa chromosomes, 
indicative that in this case, Atropa chromosomes controHii^ chlorophyll 
synthesis were eliminated (Krumbiegel and Schieder, 1981), In this 
experiment diploid Atropa (2n = 72) was fused voth diploid Datura (2n 
= 24) cells. While the amphidiploid number of 96 chromosomes was 
expected, only one of the 13 hybrids had approximately 96 chromo¬ 
somes. All other putative hybrid shoots e^ibited lower or higher 
chromosome numbers. 
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Recently we were successful in obtaining (Skarzhynskaya et al., 1982) 
intertribal cell hybrids with regeneration of anomalous plants following 
protoplast fusion of Ntcotima tabacum with Solarmm tuberosum and 
Nicoticaia tabacum with Solarmm sucrense. Mesophyll protoplasts of 
Solarium were fused with tobacco callus protoplasts. Hybrid cells were 
mechanically isolated and then cloned. As a result, 30 clones of 
potato + tobacco and 4 clones of tobacco + Solarium sucrense were 
maintained. The hybrid nature of several clones was verified by bio¬ 
chemical (study of multiple molecular forms of amylase and esterase) 
and eytochemical (eytophotometric determination of DNA content in 
nuclei) analysis of the initial cell lines, as well as the ceU lines that 
were repeatedly cloned. Plant regeneration was induced in 9 ceU lines 
of potato + tobacco 3 months after hybridization. Analysis of regen¬ 
erates has confirmed the hybrid origin of plants obtained from three of 
these clones. Plant regeneration is accompanied by a reduction of 
chromosome number. In these hybrids, tobacco chromosome material is 
preferentiaUy eliminated. 

In other experiments (Gleba et al., 1982, 1983) intertribal hybrids 
were obtained following fusion of mesophyU protoplasts of Atropa bella¬ 
donna with caUus protoplasts of Nicotiona chinensis. Hybrid products 
were selected using mechanical cloning. To date, 12 cell clones were 
isolated, cloned, and then analyzed 4-6 and 11-13 months after fusion. 
Chromosome analysis was facilitated by the striking differences in 
chromosome size between Nicotiona (large) and Atropa (smaU, thin). 
Chromosome examination of cells of clones revealed both parent^ types 
in hybrid metaphases in most cases. Reconstructed (chain, ring) 
chromosomes were also observed. Species specific elimination of beUa- 
donna chromosomes was observed in three lines. Biochemical analysis 
of multiple molecular forms of amylase and esterase revealed isozyme 
forms from both parents in a number of ceU lines. The transfer of 
hybrid cells to regeneration medium has resulted in regeneration of 
anomalous shoots. 

Dudits et al. (1979) have reported their attempts to obtain a para- 
sexual hybrid between albino carrot, Daucus carota (2n = 18) and gout- 
weed, Aegopodium podagraria (2n = 42). Protoplasts from suspension 
cultures of chlorophyU-deficient mutants of carrot were fused with 
mesophyll protoplasts of goutweed. Hybrid cells were produced when 
mixed protoplasts were treated with PEG. Unfortunately, putative 
green hybrid plants contained only 18 chromosomes and were morpho¬ 
logically similar to carrot, also with 2n = 18. Morphological markers 
for root development and root carotenoids derived from A. podograria 
were also exgx'essed in some regenerated plants. More recently, Dudits 
et al. (1980b) have extended these experiments to recover plants 
following fusion of protoplasts of their albino carrot mutant with leaf 
protoplasts of parsley, Petroselinum hortense, 2n = 22 Cludits et al., 
i980b). The highest frequency of regenerated plants contained 2n = 19 
chromosomes representing incomplete elimination of the parsley chromo¬ 
somes. In addition, presence of parsley-derived isozyme bands and 
correction of the albino character indicate successful transfer of some 
parsley genetic information into carrot. Since neither group of plants 
were derived from ceU lines that were isolated by microculture and as 
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chromosome behavior shortly after fusion was not monitored, it may be 
too soon to state that these plants represent true hybrids. However, 
these experiments offer exciting possibilities for effective gene transfer 
between distantly related species by using protoplast fusion. 

Based on these reports, a number of general characteristics of inter¬ 
tribal hybrids are evident. (1) The hybrid state is relatively stable. 
In some eases during months or even years of culturing hybrid cell 
lines, no chromosome elimination was reported. (2) In some cases 
intense genetic rearrangements consisting of reconstruction and partial 
elimination of parental chromosomes have been observed. Changes of 
DNA profiles or multiple molecular forms of enzymes have been re¬ 
ported. (3) Diverse genetic lines have been recovered from fusion 
experiments. These diverse lines may represent different fusion 
products that reflect preexisting diversity of parental protoplasts or 
may reflect changes in vitro that occur following fusion. (4) Intertribal 
fusion products are capable of morphogenesis but in all cases produce 
abnormal plants that are sterile. Functional sterility precludes genetic 
analysis. 

Despite the increasing number of results obtained following cell 
hybridization of distantly related plant species, there are insufficient 
data to ascertain the cell mechanisms and processes that affect the 
fate of parental genetic material in fused cells. The nature of these 
fusion experiments has inadvertently introduced a number of variables 
that may change the fate of cell hybrids following protoplast fusion. 
(1) In most cases mitotically dormant mesophyll cells were used as one 
of the parents, whereas rapidly growing callus was used as the second 
parent. It is natural to expect that the fate of genetic material in 
heterokaryons depends on the state of nuclei at the moment of hybridi¬ 
zation. This has already been demonstrated for animal cell hybrids 
(Ringertz and Savage, 1976) and suggested in plant cells (Wetter and 
Kao, 1980). Detailed study of this ceU cycle variable is, however, 
extremely difficult as cultured plant cells are seldom synchronized. (2) 
As a rule, cultured plant cells have a wide range of aneuploid chromo¬ 
some numbers. Consequently, the chromosome number of fusion pro¬ 
ducts is dependent on the degree of chromosome stability in the donor 
callus cultures. In some cases callus cultures that have been main¬ 
tained for many years were used to isolate protoplasts. (3) Finally, it 
should be mentioned that in most distantly related hybrids, the species- 
specific elimination of chromosomes is usually restricted to the species 
from which mesophyll protoplasts were isolated. 


GENETIC ANALYSIS USING PROTOPLAST FUSION 

Protoplast fusion can be used for genetic analysis in the same way 
that crossing has been used for years. Of special interest are those 
eases in which normal sexual processes cannot be performed. This 
would be important for analysis of nuclear genes in plants or plant 
cells defective in morphogenesis, the analysis of extranuclear genes of 
^ant eeUs, the study of the fate of epigenetic traits in parental cells 
in the hybridization process, and analysis of the developmental genetics 
of cell hybrids. 
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Analysis of the Nature of Inherited Traits 

Variability in plant cell cultures can be either genetic or epigenetic. 
Epigenetic changes are not stably transmitted through meiosis. Analy¬ 
sis of the nature (genetic versus epigenetic) of variability in cultured 
plant cells represents a special problem which in most cases cannot be 
discerned using available methods. The most obvious way to elucidate 
the nature of variability is to verify sexual transmission of induced 
characters using regenerated plants (Chaleff, 1981). Unfortunately, not 
aU cultured cells are capable of morphogenesis. So, as an alternative 
method to assess the stability of variant cell lines, one can use proto¬ 
plast fusion. Fusion may alter the epigenetic phenotype or may restore 
morphogenesis (e.g., Maliga et al., 1977). Restoration of fertility has 
been used to analyze stability of variants isolated in vitro. Gleba and 
Berlin (1979) fused 5-methyl-tryptophan (5MT) resistant tobacco proto¬ 
plasts with normal tobacco protoplasts and regenerated hybrid plants, 
while the 5MT-resistant lines were incapable of regeneration (for de¬ 
tails, see Gleba, 1983). Tissues of hybrid plants were used to induce 
caUus that was partially resistant to 5MT. In this experiment the 5MT 
resistance was preserved despite fusion, regeneration, and callus reiniti¬ 
ation. So, while genetic analysis has not been completed, one can 
conclude that the 5MT resistance is most likely controlled by genetic 
factors. Similarly, we have fused albino, para-fluoro phenylalanine 
resistant protoplasts with normal tobacco protoplasts to demonstrate 
stability of the isolated variant (Flick et al., 1981; Flick and Evans, 
unpublished). 

Plant cells obtained following mutagenesis are often defective for 
morphogenesis or gametogenesis. In these cases protoplast fusion and 
subsequent regeneration of intact hybrid plants can be used as a 
method to: (a) rescue and stably maintain mutations; (b) place recessive 
or codominant mutations into heterozygous state; (e) permit genetic 
analysis. Two works should be mentioned here as examples of the 
application of fusion for genetic analysis. First, protoplast fusion has 
been utilized for complementation analysis of auxotrophic mutants of 
the moss Fhyscomitrella patens (Grimsley et al., 1977a, b). The mut¬ 
ants obtained by mutagenic treatment in most cases were associated 
with developmental abnormalities and, as a result, were sterile. These 
included mutants that were auxotrophic for thiamine, para-amino ben¬ 
zoic acid, and nicotinic acid. By using protoplast fusion it was demon¬ 
strated that most auxotrophic isolates obtained by mutagenesis were 
nuclear recessive mutations. Complementation analysis using fusion of 
6 nicotinic acid auxotrophic strains of independent origin revealed 
three nonoverlapping genes. The results obtained for complementation 
groups using fusion agreed with the limited data from sexual hybridiza¬ 
tion that was possible for some of these same mutant strains (Ashton 
and Cove, 1977). In these experiments heterozygous diploids were 
obtained by protoplast fusion. Production of heterozygotes permitted a 
more detailed genetic analysis of the mutational changes. Later, these 
authors performed complementation analysis and dominance tests for 
additional mutations, i.e., p-aminobenzoie acid auxotrophs and mutants 
causing abnormal development (Grimsley et aL, 1980). 
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As a second example, the studies of tobacco cell lines defective for 
nitrate reductase (Glimelius et al., 1978) should be considered. A 
great number of cell lines defective for nitrate reductase enzyme active 
ity were obtained using selection for resistance to chlorate (Muller and 
Grafe, 1978). The lines were resistant in the absence of the selective 
agent, but most mutants had lost the capacity for morphogenesis. The 
study of enzyme activity, selectivity, and reassociation of active 
enzymes in vitro (Mendel and Muller, 1976, 1978) of each of the vari¬ 
ants suggested the existence of mutants with different blocks in acti¬ 
vity of the same enzyme. Mutants of nia type were defective for the 
synthesis of nitrate reductase apoprotein whereas enx mutants were 
defective in synthesis of the molybdenum-containing enzyme eofactor. 
Complementation analysis using protoplast fusion confirmed the bio¬ 
chemical data that already suggested that the nia and cnx mutants are 
controlled by recessive nonallelic genes. 

More detailed study of the cnx mutants using somatic cell hybridiza¬ 
tion has been performed in the laboratory of P. Maliga (Sidorov and 
Maliga 1982) and three groups of enx mutations have been identified 
that complement each other. This observation is not unexpected, be¬ 
cause in other organisms, several complementation groups of enx mut¬ 
ants have been found (see Cove 1979; Marzluf 1981). 

Similar observations on the expression (recessiveness or codominanee) 
of genes and their ability to complement in cell hybrids have been 
collected by other authors using protoplast mediated hybridization. In 
some cases these reports represent uncharacterized variants, including 
chlorophyll-deficient mutants (Schieder 1978, 1980a), resistance to ami¬ 
no acid analogues (Gleba and Berlin, 1979; White and Vasil, 1979; Kam- 
eya et al., 1981; Gleba 1983), and resistance to cycloheximide (Lazar 
et al., 1981). 

A number of factors complicate the routine application of protoplast 
fusion for complementation analysis. (1) Some limits exist on the abil¬ 
ity to isolate fwotoplasts and to microculture fused eeUs. (2) Most 
plants recovered by protoplast fusion are aneuploid, Aneuploidy com¬ 
plicates any genetic analysis. (3) In wide interspecific or intergeneric 
hybrids the plants recovered are often sterile. Sterility precludes 
sexual analysis. 


Analysis of Mitotic Cycle Mechanisms 

Studies with animal hybrid cells have permitted a detailed analysis of 
heterophasie fusion products. When G1 cells are fused with cells in S 
phase, the G1 nucleus enters S earlier than expected. Similarly, if two 
cells with different duration of G1 phase are fused, each nucleus enters 
the S phase foUowir® completion of the shortest G1 phase (Ringertz 
and Savage, 1976). Mitosis is equally well synchronized in Gl/S or 
G1/G2 heterophasie fusions, suggesting that both the S and M stages of 
the cycle are triggered by cytoplasmic factors that even function in 
heterokaryocytes. 

Studies with plant cells are more complicated, as synchronization of 
plant cells has not been reported to date. However, it is presumed 
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that, as most experiments with plants represent fusion of mitotically 
active callus or sispension cells with mitotically dormant leaf mesophyll 
protoplasts, examination of plant experiments would permit an oppoi^ 
timity to observe striking mitotic cycle effects. 

The results of a number of works suggest that upon hybridization of 
mesophyll cells (cells of GO phase) with the f^otoplasts isolated from 
actively growing caUus tissues containing a heterogenous mixture of 
ceU cycles, mitoses in heterokaryons may be synchronous (Kao et al,, 
1974; Constabel et al., 1975; Gosch and Reinert, 1976; Constabel et 
al., 1977). These observations favor arguments for the theory of cyto¬ 
plasmic control of initiation of mitosis. The eytoplasniic factors 
responsible for the mitotic process must not be species-specific, as the 
synchronization was also observed in heterokaryons obtained by cell 
fusion of distantly related plant species (ICao et al., 1974; Gosch and 
Reinert, 1976). In the distantly related hybrids of Glycine + Nicotiono 
(Kao, 1977) and Arobidopsis + Brassica (Gleba and Hoffmann, 1978) ob¬ 
tained by fusion of mesophyll and callus cells, specific elimination of 
chromosomes from the mesophyll and parental cells was observed. This 
observation may be connected with events similar to premature chroma¬ 
tin condensation observed in animal hybrid cells that results in 
jffeferential elimination of chromosomes of interphase parental cells 
(Ringertz and Savage, 1976). 


Spatial Separation of Parental Genome in Hybrid Nuclei 

Sexual hybridization results in formation of a common ("hybrid") 
nucleus in a zygote, but chromosomes of two parents are not necessari¬ 
ly randomly "mixed" within a common nucleus. On the contrary, there 
are indications that parental genomes remain spatially separated even 
after many successful mitotic divisions (ef. Finch et al., 1981). Possible 
mechanisms of this phenomonon are discussed in Bostock and Sumner 
(1978). Studies of {ffimary cell divisions in somatic hybrid cells of 
different species (Kao, 1977; Constabel et al., 1977) show that chromo¬ 
somes of the two parents are spatially arranged as separate groups 
during the first four cell divisions, forming a two-segment structure in 
metaphase and anaphase. This indicates [ffeservation of strict spatial 
arrangement in the nucleus of hybrid cells might be a factor affecting 
the process of interspecific chromosomal rearrangements and subsequent 
chromosomal recombination. Therefore, Gleba et al. (1983c) have made 
an attempt to elucidate to what degree the arrangement of chromo¬ 
somes from the two parental species is inherited in the hybrid nucleus 
and preserved in long-term cultured lines of Atropa belladonna + Nico- 
tiana chinensis, after 12 months of unorgEinized growth. The informa¬ 
tion obtained in these experiments suggests that in cells of long-term 
cultures, chromosomes are to a large extent "mixed", reflecting an 
apparent random distribution in mitotic metaphase plates. At the same 
time statistical analysis demonstrates that in a definite number of 
metaphases rather large regions can be identified that contain chromo¬ 
somes of only one species. It is difficult to explain this phenomenon 
by occasional fluctuations in the mutual distribution of chromosomes. 
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Moreover, statistical analysis of a number of preparations by calculation 
of Mahalonobis' generalized distance between two chromosome types in 
metaphase plates has demonstrated that in all metaphases studied, the 
distribution of the two parental chromosomes are statistically different 
(p = 0.95). This leads to the conclusion that nonrandom chromosomal 
arrangement is not an artifact due to squashing. Thus the spatial 
separation of the two genomes in cell cultures studied has been pre¬ 
served for up to 12 months of culture. It is important to analyze the 
inheritance of the spatial arrangement of discrete chromosomes from 
the two parents in hybrid ceUs; for example, nucleoliis organizer 
chromosomes could be monitored in progeny of somatic hybrids. 

Spatial separation of chromosomes of the two parents has also been 
observed in metaphases of 6 month old cultures of interfamilial cell 
hybrids of Pisum sativum + Nicotiana chinensis (Gleba et al., 1983b), as 
well as in metaphases of somatic hybrid plants of Nicotiana tabacum + 
N. glauca (Evans, unpublished). 


Inheritance of Chromosome Instability 

After fusion of normal euploid somatic plant cells (mesophyll tobacco 
protoplasts) with the cells of the same species isolated from long-term 
chromosomaUy unstable callus cultures, hybrids exhibiting chromosome 
instability were usually obtained. In this sort of experiment the 
phenotype of chromosome instability behaves as a dominant trait (Gleba 
1983). In this report intraspeeific hybrids were recovered; hence the 
chromosome instability is most likely not a consequence of cell incom¬ 
patibility. It is possible that chromosome instability could be the 
result of inheritance of parental chromosome instability. 

Further study of a dominant or codominant character of chromosome 
instability in hybrid cells as well as studies of heterophasic fusions will 
elucidate which of the alternatives control chromosome instability: (a) 
the chromosome instability in hybrid cells may be due to genetic alter¬ 
ations or incompatibilities; (b) the instability may be determined by 
defects of the spindle appsiratus. In the first case the instability 
should be restricted to chromosomes of one of the parents in vitro, 
i.e., the chromosomes of the parent with the instability character. In 
the second case all the chromosomes are equally involved in irregular 
distribution in mitosis. This basic genetic problem would best be 
examined by using a sufficient number of chromosome markers for each 
parent. Similar studies completed for animal hybrid cells (Bengtsson et 
al., 1975) demonstrated that chromosome instability of hybrid cells 
affects chromosomes of both parents suggestii^ a dominant trait inr 
volved in spindle formation or function. 


Analysis of the Mechanisms of Differentiation and Morphogenesis 

ALTERATION OF THE DIFFERENTIATED STATE. When leaf meso¬ 
phyll protoplasts are fused with mitotically active cell culture proto¬ 
plasts, the leaf cells are induced to divide. While in most cases leaf 
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mesophyll protoplasts divide when cultured even if not fused, it is 
evident from a number of reports that hybrid cells undergo mitosis 
more rapidly than unfused leaf mesophyll cells following protoplast 
fusion. For example, Evans et al. (1981) found that somatic hybrid 
protoplasts divided more rapidly than unfused leaf mesophyll protoplasts 
following fusion of N. tohacum with N. glauca. While in most cases 
this mitotic activity of hybrid cells does not represent a reprogramming 
of the developmental fate of the cells, there is evidence in some 
species combinations that a reprogramming has occurred. Fusion of 
mesophyll protoplasts of the Gramineae that are incapable of mitosis 
with callus protoplasts has produced hybrid cells capable of cell 
division (Kao et al., 1974). Hence the developmental fate of the cereal 
leaf cells was altered by protoplast fusion. Similarly, Flick and Evans 
(1983) fused flower petal protoplasts incapable of cell division with 
suspension cultured protoplasts, and recovered mitoticaUy active 
heterokaryoeytes. It has been proposed that in both animals and 
plants many epigenetic characters of cells are altered following cell or 
protoplast fusion. Ihis variation of epigenetic characters by fusion also 
has value in the analysis of mutants by protoplast fusion. Phenotypic 
variants that are equally expressed in cell lines before and after inter¬ 
specific protoplast fusion are less likely to be under epigenetic control 
and are more likely to be true mutants. However, this analysis alone 
is insufficient to ascertain that a trait is genetically controlled. 


INHERITANCE OF MORPHOGENETIC POTENTIAL OF CELLS. It 
had been demonstrated in our studies (Gleba and Sytnik, 1982; Gleba, 
1983) that a hyt^id ceU obtained by fusion of a callus tobacco cell 
defective for morphogenesis with a morphologically potent mesophyll 
cell of the same species is capable of mort^iogenesis. In this ease 
morphogenetic capacity behaves as a dominant trait following somatic 
hybridization. The conditions of long-term culture in vitro are 
probably responsible for loss of morphogenetic ability in the callus 
parental line. Similar conclusions were made from the study of hybridi¬ 
zation of mutant tobacco cells which were defective for nitrate reduct¬ 
ase and for morphogenesis (Glimelius and Bonnett, 1981). Unlike either 
parent the hybrid cells were capable of morphogenesis. This work also 
demonstrates the complexity of the mechanisms examined. The nitrate 
reductase mutants of tobacco deficient for morphogenesis are defective 
in one enzyme that apparently has nothing to do with morphogenesis 
per se (Muller and Grafe, 1978). 

Other workers have described the restoration of morphogenetic 
potential following fusion (Maliga et al., 1977). Nicotiana knightima, 
used as one parent, was incapable of morphogenesis in the culture 
conditions utilized. Kanamycin-resistant cells of Nicotiana sylvestris 
that were also incapable of morphogenesis, presumably due to the kana- 
myein mutation (Dix et al., 1977), were also used for protoplast isola¬ 
tion. Restoration of morphogenesis was found in these hybrids. In this 
particular work, it is difficult to ascribe regeneration to gene comply 
mentation as it is evident that the morphogenetic block of N. sylvestris 
is due to a mutation that is at best only indirectly connected with the 
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mechanisms controlling morphogenesis. In addition, as a limited varia¬ 
tion of culture media were tested, it is likely that some culture regime 
could have been identified that permitted regeneration of one of the 
parent protoplasts. 

Restoration of morphogenetic potential has also been oteerved in dis¬ 
tantly related intertribal combinations. In these reports the probability 
that this restoration is the result of gene complementation of a single 
pair of genes is even less probable. Restoration of morphogenesis was 
demonstrated to obtain Arabidobrassica hybrids (Gleba and Hoffmann, 
1980), as well as in the tomato-potato somatic hybrids (Melchers et al., 
1978). 

As whole plant vigor is often reflected as vigor in vitro, it is not 
surprising that hybrids have been observed to grow more rapidly than 
parental cells, and in some cases to undergo morphogenesis when pat^ 
ental cells are incapable of regeneration. However, in interspecific or 
intergeneric hybrids it is unlikely that these phenomena are under the 
control of a single or small number of complementing genes. 


INHERITANCE OF THE T-REGION OF AGROBACTERIUM Ti- 
PLASMID. Wullems, et al. (1980) studied cell hybridization of a 
hormone-independent tobacco strain derived from tumorous cells follow¬ 
ing infection with Agrobacterium tumefaciens with mesophyU protoplasts 
of a streptomycin-resistant tobacco mutant. The selection of hybrids 
was based on simultaneous hormone-independence and streptomycin 
resistance. Four cell colonies capable of shoot regeneration were 
recovered. In all cases lysopine dehydrogenase activity was identified 
in putative hybrids indicating the presence of Agrobacteriim Ti-plasmid. 
Although the hybrids were capable of shoot regeneration, the initial 
hormone-independent strain was defective for shoot regeneration. Un¬ 
fortunately, the regenerated shoots were unable to form roots. Similar 
inability for rhizogenesis in vitro was observed following transformation 
of tobacco protoplasts by Agrobacterium (Marton et al., 1979). Also in 
this experiment, hybrid cells capable of regeneration were obtained 
following fusion of morphogenetic defective hormone-independent callus 
cells that contained the Ti-plasmid of Agrobacterium with normal meso- 
phyU protoplasts. 

From the above-mentioned experiment, it follows that T-DNA is 
transferred to parasexual progeny, and the suppression of rhizogenesis 
in transformed cells seems to be a dominant character. Similar obser¬ 
vations have recently been made by Gleba et al. (1983a) following 
fusion of hormone-independent Ti-transformed tobacco cells and meso- 
phyll protoplasts of Nicotiana plumbaginifolia. 


Analysis of Hasmagenes Using Cosegregation 

If the production of heterozygotes for extranuclear genes is possible, 
these can be used to study mitotic segregation of extranuclear genes in 
double heterozygotes. If the characters coded for by the extranuclear 
genes segregate independently during mitosis, they must be controlled 
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by different genophores. On the other hand, the cosegregation (joint 
segregation) of the characters coded for by extranuclear genes is evi¬ 
dence for the linkage of these genes. Cosegregation analysis is a way 
to ascertain linkage groups (groups of cosegregation) for genes outside 
the nucleus. These investigations seem to be especially valuable in the 
ease of higher plants, whose cells contain at least two extranuclear 
genophores. 

In the experiments of Gleba et al. (1978) and Gleba (1978b), cyto¬ 
plasmic hybrids of Nicotiana tabacum + N. debneyi were used. These 
cybrids were heterozygous for genes coding for (a) plastome chloro¬ 
phyll-deficiency, (b) polypeptide composition of large subunit of 
Fraetion-1 Protein, and (c) cytoplasmic male sterility (cms), and there¬ 
fore suitable for studies of the patterns of extranuclear gene segrega¬ 
tion. Biochemical analysis of Fraction-1 Protein (F-l-P) has been 
performed for both green and white plants (segregants for chlorophyll 
deficiency). In all cases, the white plants possessed only N. tabacum 
large subunit, whereas in all green plants, only N. debneyi large sub¬ 
unit was observed. Thus, in aU cases, the species specific plastome 
and large subunit F-l-P segregated together. The same phenomenon 
was observed in the analysis of green and white sexual progeny of 
variegated hybrids. The complete cosegregation of these two charac¬ 
ters in both hybrids and their progeny confirms the assumption that the 
polypeptides of large subunit of F-l-P are coded for by the plastome. 

The second important observation made in these experiments was 
that the heterozygosity and segregation of these two characters is 
independent of the genes coding for cytoplasmic male sterility (cms). 
On the contrary, plants identified as heterozygotes for sterility/fertility 
are frequently homoplastidic, i.e., they are complete segregants for 
plastome-eneoded characters. These results have practically excluded 
the assumption that the genes coding for cms might be localized in the 
plastome and have indicated the presence of at least two independently 
segregating genophores outside the nucleus. 

Extensive investigations of plasmagene cosegregation were subse¬ 
quently performed by Belliard et al. (1978, 1979). They analyzed 
ehloroplast (cp) and mitochondrial (mt) DNA using restriction endo¬ 
nucleases in parasexual plant hybrids that had novel morphological 
types of cms. Either of the tobacco varieties Samsun and Xanthi, and 
tobacco cms-analog, Techne variety, with cytoplasm of N, debneyi, 
were used as parental lines (Belliard et al., 1977a). The parental lines 
were morphologically distinct, as Samsun and Xanthi varieties had 
petiolate leaves and the Techne variety had sessile leaves (a polygenic 
Mendelian character). Biochemical analysis was completed, with regen¬ 
erated plants possessing leaf morphology of one of the parents and 
morphologically intermediate flowers for both sterile and fertile (cybrid) 
types. Analysis of cp-DNA usir^ Eco RI restriction enzyme patterns 
demonstrated the absence of cosegregation between the two groups of 
characters; sterility/fertility and modified flower shape, on one hand, 
and type of cp-DNA, on the other. In all cases ep-DNA of the hybrids 
was identical to one of the parental forms, and the type of parental 
cp-DNA was independent of the male sterility/fertility character. 
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Similarly, mt-DNA of the cybrids has been analyzed. The interpreta¬ 
tion of these results has been complicated, because mt-DNA is usually 
split into a greater number of fragments than cp-DNA even using selec¬ 
tive restriction enzymes. This phenomenon has been explained as a 
result of heterogeneity of mt-DNA molecular forms in higher plant cells 
(e.f. Quetier and Vedel, 1977). Each of the cybrids analyzed possessed 
mt-DNA that differed from either parental form as well as from the 
sum of parental forms. Moreover, mt-DNA of all but one cybrid re¬ 
vealed new bands. At the same time a correlation has been observed 
between the degree of male sterility and abnormal flower morphology 
and the number of N. debneyi mt-DNA bands. These results have 
demonstrated that in this system ems is most probably connected with 
mt-DNA. 

Other investigators (Zeleer et al., 1978; Aviv et al., 1980; Galun and 
Aviv, 1979; Aviv and Galun, 1980; Galun et al., 1982) have studied 
segregation of plasmagenes in a more complex system. Nicotiam syl- 
vestris was hybridized with a cms-analog of N. tabacum possessing 
cytoplasm of N. suavcolens. To select cybrids, cells of donor cyto¬ 
plasm (tobacco with cms) were irradiated by X-rays and fusion products 
were cultured in medium containing mannitol in which {M-otoplasts of 
Nicotima sylvestris would not divide. Among the regenerates of seven 
callus colonies, three types of plants were identified; (a) N. sylvestris 
plants bearing the plastids of N. suaveolens-, (b) nuclear hybrids 
between N. sylvestris + N. tabacum containing the plastids of N. 
suaveolens’, and (c) parental plants of N. sylvestris bearing the plastome 
of N. sylvestris. The cosegregation of cp-DNA type and two other 
characters, (1) resistance to tentoxin and (2) isoelectric focusing of 
polypeptides of large subunit F-l-P, was verified for at least six differ¬ 
ent plants. In the same experiments the cms character segregated 
idependently of either nuclear or plastome markers. Independent segre¬ 
gation of cms and response to tentoxin were demonstrated for plants 
obtained in subsequent fusion (Aviv and Galun, 1980). Cybrids were 
obtained by fusing N. sylvestris with cms from the earlier fusion (type 
A plants) and Nicotiana tabacum. The authors also analyzed mt-DNA 
in segregants obtained in this second experiment (Galun et al., 1982). 
Complete correlation of the fertility/sterility character with presence 
of 4 (Sal I) and 8 (Xho I) fragments of parental mt-DNA was reported, 
as weU as the absence of correlation between these characters, on one 
hand, and the type of cp-DNA and/or resistance to tentoxin, on the 
other. 

Maliga and coworkers in Hungary have also studied segregation of 
extranuclear genes in interspecific hybrids of Nicotiana. Callus proto¬ 
plasts of a streptomycin-resistant mutant of Nicotiana tabacum and 
mesophyll protoplasts of N. knightiana were hybridized. Selection of 
hybrids was performed using mechanical isolation and coculturing of 
fusion products. The Eco RI analysis of cprDNA of plants regenerated 
from different subclones has demonstrated the complete correlation 
between resistance to streptomycin and N. tabacun cp-DNA type (Men- 
czel et al., 1981a). 

In other experiments different techniques for transfer of plastids from 
cells of plastome (Sidorov et al., 1981) or streptomycin resistant 
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(Menezel et ah, 1982) tobacco mutants into the cells of NicotUm 
plumbagtn^olia were studied, using either irradiation of donor cells or 
the fusion of recipient protoplasts with donor cytoplasts. The transfer 
of plastids was confirmed by transfer of streptomycin resistance or 
plastome deficiency by cells of N. plumbaginifolia and the presence of 
tobacco specific EeoB.-l digests of cp-DNA. The analysis of cp-DNA in 
a total of 20 plants has confirmed cosegregation of the streptomycin- 
resistance character with cp-DNA, and the analysis of two plants has 
shown eosegregation of plastome chlorophyll-deficiency with cp-DNA 
type. Flick and Evans (1982) also reported cosegregation of two 
chloroplast encoded traits, large subunit F-l-P and tentoxin respoiee, 
in N. glauca + N. tdbacum somatic hybrids. 

The fate of parental mt-DNA following cell hybridization has also 
been investigated (Nagy et al., 1981). The mt-DNA of Nicotiarm 
tabacum + N. knightiana hybrids, obtained previously by joint culturing 
of individual heteroplasmic protoplast fusion products (Menezel et al., 
1981) were studied. The restriction enzyme analysis of mt-DNA of 
eight nuclear hybrids (including five streptomycin-resistant and three 
streptomycin-sensitive types) has revealed unique types of mt-DNA in 
each hybrid. 

Summarizing the data of published reports, one can conclude that: (1) 
Most characters encoded in plasmagenes sort to one or the other par¬ 
ental type. The exception is genes encoded in mt-DNA where recombi¬ 
nation occurs. (2) In the process of segregation, characters coded for 
by plasmagenes segregate en bloc, i.e., cosegregate. (3) The higher 
plant cells comEffise at least two cosegregation (linkage) groups of 
plasmagenes, the chloroplasts and mitochondria, and their segregation is 
independent. As can be seen, independent experiments in different 
laboratories have given noncontradictory results. That is, most charac¬ 
ters studied, namely resistance to tentoxin and streptomycin, plastome 
chlorophyll deficiency and large subunit F-l-P cosegregate with the 
corresponding chloroplast DNA and thus are coded for by this geno- 
phore. This result is also consistent with earlier genetic and bio¬ 
chemical analyses. Mutation of plastome chlorophyll deficiency has 
been correlated with an alteration of cp-DNA (Wong^taal and Wildman, 
1973), large subunit F-l-P has been mapped in cp-DNA (Chan and Wild¬ 
man, 1972), and resistance to tentoxin is connected with the changes 
of coupling factor 1 localized in chloroplasts and (partially) coded for 
by plasmagenes (Steele et al., 1976; Durbin and Uchytil, 1977). How¬ 
ever, the studies using hybridization of somatic cells have for the first 
time permitted a confirmation of these reports by strict formal genetic 
analysis. 

Two characters (ems and abnormal flower morphology) segregate 
independently of the cp-DNA and at the same time cosegregate with 
the type of mt-DNA. In this ease, however, cosegregation must be 
discussed cautiously, as mt-DNA appears to undergo extensive recom¬ 
bination in eybrids. However, in cybrids a clear quantitative correla¬ 
tion between the relative content of fragments specific for each paren¬ 
tal form and a prevalence of characters of this parent is observed. 
Subsequent cosegregation studies must consist of constructing multiple 
heterozygotes using aH the available extranuclearly encoded characters 
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(resistance to streptomycin, kanamycin, lincomyein, tentoxin, large 
subunit F-l-P, ciris, 70 S ribosomes, and restriction spectra of mt and 
cp-DNA) and, based on the pattern of segregation in the mitotic pro¬ 
cess, to attribute them to drfinite linkage groups. 


FUTURE PROSPECTS 
Uniqueness of Somatic Hybrids 

Parasexual hybridization by protoplast fusion permits the recovery of 
new combinations of parental genes to produce unique hybrid plants. 
IVansmission genetics of parasexual hybridization by protoplast fusion is 
distinct from sexual hybridization (Fig. 1). Nuclear genes (designated 
as large circles) in nonsexual hybridization are inherited bi- and uni- 
parentally, whereas in sexual hybridization only biparental inheritance 
is observed. Extranuclear genes (designated as small circles) in 
hybridization by protoplast fusion are inherited biparentally, whereas in 
the sexual process there is usually strict maternal uniparental inheri¬ 
tance. In plant cells there are at least two cytoplasmic genophores 
(chloroplasts and mitochondria), hence the scheme of transmission 
genetics of nonsexual hybridization becomes more complicated than in 
Fig. 1. In addition to two cytoplasmic genophores, protoplast fusion is 
further complicated, as mitotic segregation of extranuclear genes (geno¬ 
phores) has been reported (Fig. 2). Considering all these possibilities, 
it is easy to ascertain that by using protoplast fusion of two parental 
types it is possible to obtain 27 different com.binations of one nuclear 
and two extranuclear gene systems, while sexual hybridization is limi¬ 
ted to only two combinations, assuming that the reciprocal hybrids can 
be obtained. However, as segregation of cytoplasmic factors is usually 
complete by meiosis, it is unreasonable to assume that mixed chloro- 
plast and mitochondrial genophores can be maintained. Hence we are 
left with 12 viable products of protoplast fusion, which is stiH signifi¬ 
cant when compared to sexual hyU'idization. By using parasexual hy- 

SOMATIC HYBRIDIZATION WITH 
SUBSEQUENT CYTOPLASMIC SEGREGATION 



Figure 1. Comparison of nuclear genetic combinations after reciprocal 
sexual hybridization and following nuclear segregation during and after 
protoplast fusion. 
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RECIPROCAL SEXUAL HYBRIDIZATION 




SOMATIC HYBRIDIZATION BY PROTOPLAST FUSION 



Figure 2. Fate of cytoplasmic DNA following protoplast fusion. 

bridization it is therefore possible to obtain: (a) plants containing the 
nucleus from one parent and the cytoplasm from the other parent and 
(b) plants containing chloroplast genes from one parent and mitochon¬ 
dria from the second parent. Certain of these nuclear-cytoplasmic 
combinations are difficult or impossible to obtain using sexual hybridi¬ 
zation. 

The nuclear-cytoplasmic combinations diagrammed in Fig. 3 only 
depict the fate of complete nuclear or cytoplasmic genomes. However, 
chromosome elimination has frequently been reported following proto¬ 
plast fusion, suggesting that portions of nuclear genomes may be 
combined. In addition, nuclear mitotic recombination has been reported 
following protoplast fusion. While this phenomenon will most often 
result in sectors on the leaves of somatic hybrids, if recombination 
occurs prior to regeneration unique arrangements of nuclear genetic 
information could be recovered in regenerated plants. Interspecific 
mitotic recombination may be important to permit gene transfer 
between wild species and cultivated crops. Finally, mitotic recombina¬ 
tion has also been reported in organelle DNA. Extensive rearrange¬ 
ments of mt-DNA in somatic hybrids have been frequently reported 
(Chapter 9), Less frequently, rearrangements have been reported in 
chloroplast DNA (Conde, 1981). 


Study of Extranuclear Genetics 

At present genetic localization and determination of linkj^e groups 
of extrainuclear genes is limited by the number of extranuclear markers. 
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CHLOROPLAST AND MITOCHONDRIAL SEGREGATION 
FOLLOWING PROTOPLAST FUSION 



Figure 3. Possible mixtures of nuclear, chloroplast (o and •), and mito¬ 
chondrial (A and A) DNA derived by protoplast fusion with subsequent 
segregation. 

Cosegregation of extranuelear genic determinants in double cytoplasmic 
heterozygotes can be used to establish extranuelear linkage groups. 
Induction of new cytoplasmic mutations will permit a study of recombi¬ 
nation of extranuelear genes. 

Introduction of new cytoplasmic markers wiU aid in the use of proto¬ 
plast fusion for transfer of cytoplasm between wild species and culti¬ 
vated crops. For example, genes controlling cytoplasmic male sterility 
(ems) can be transferred from one species or variety to a second vari¬ 
ety within one cycle of hybridization, in contrast to the lengthy recur¬ 
rent backerosses necessary to transfer ems using conventional methods. 
Transfer of ems into new varieties permits industrial production of hy¬ 
brid seeds. 

As both chloroplasts and mitochondria are organelles responsible for 
energetic processes in the plant cell, it is likely that additional 
agriculturally useful traits encoded in these organelles wUl be identi¬ 
fied. Already traits controlling herbicide resistance, ems, disease 
resistance, response to toxin, and antibiotic resistance have been shown 
to be encoded in cytoplasmic organelles. Research programs concen¬ 
trating on crop improvement will most likely direct more attention to 
extranuelear inheritance. It is noteworthy that mitochondria of higher 
plants contain naturally occurring plasmids (Levings et al., 1980). As 
our knowledge of organelle genetics increases, it is possible that 
organelles may be used as vehicles for gene tranter (Chapter 14). 


Somatic Hybrids Between Distantly Related Species 

Parasexual hybridization permits crossing of distantly related plant 
species that cannot be crossed sexually. While symmetric hybridization 
resulting in plants with the amphiploid chromosome number have been 
produced between species incapable of conventional sexual hybridization 
(Evans et al,, 1981), more distant intergenerie hybrids have produced 
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anomalous hybrid plants that are sterile or incapable of subsequent 
sexual reproduction. Hence available intergenerie hybrid plants are 
useless for practical breeding. It is important to note that in some of 
these intergenerie hybrids stable chromosome number and morphology 
have been maintained in cell hybrids and is not lost until plants are 
regenerated (Glebe and Hoffmann, 1980). If procedures of regeneration 
are appropriately manipulated, it may be possible to retain chromosome 
stability in regenerated intergenerie somatic hybrids. Available inter¬ 
generic hybrid plants offer a unique opportunity to study the fate of 
genetic information when distantly related species are combined and 
suggest that even with extensive chromosome elimination that some 
genetic information can be stably transferred from one species to 
another. It is not unexpected that these intergenerie hybrids are 
morphologically abnormal and contain extensive chromosome elimination 
and rearrangements. 

The limited coordination of the two genomes within distantly related 
plant cells may offer a new direction to achieve crop improvement 
using intergenerie hybrids. That is, hybridization of distantly related 
species is of greatest interest for practical breeding as a method to 
transfer small amounts of gene material between species (e.g., Dudits et 
al., 1980a). As was mentioned above, aU distantly related parasexual 
hybrids obtained to date are morphologically abnormal, and it is unlike¬ 
ly that fertile amphiploid intergenerie hybrids will be produced in the 
future. However, attention can be directed toward production of asym¬ 
metric hybrids, in which the genome of one of the parents is intact 
and the second genome is represented by only a fev^ chromosomes or 
genes. Already such methods have been proposed in the production of 
cybrids (Chapter 9). As has already been shown by a number of exper¬ 
iments, some of these asymmetric hybrids are morphologically more 
normal that symmetric hybrids. One can assume that further reduction 
of genetic material of the donor parent will permit production of plants 
which are fertile and at the same time retain certain genes from the 
second or donor species. This elimination of genetic material of the 
second species that occurs rapidly following wide somatic hybridization 
mimics conventional sexual hybridization. In conventional breeding de¬ 
sired traits are selected through a recurrent backcross procedure that 
may require 6-7 sexual generations. However, in wide somatic hybrid¬ 
ization it may be possible to rapidly introduce a single chromosome or 
single gene by regulating somatic growth conditions. This somatic 
technique will become more useful as powerful cell selection methods 
are developed that permit identification of agriculturally useful traits. 

The elaboration of the methods of induction of asymmetry in distantly 
related hybrids, as well as of the methods of selecting desired genes 
should permit intergenerie somatic hybridization to develop as a useful 
method for rapid transfer of genetic material between distantly related 
plant species. 
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CHAPTER 9 

Cytoplasmic Hybridization: 

Genetic and Breeding Applications 

£. Galun and D. Aviv 


This chapter will focus on a novel approach in plant cell genetics. 
In this approach, which may become of great relevance to crop im¬ 
provement, the cytoplasms of two cells differing in either or both 
plastids and mitochondria are brought within the plasmalemma of one 
cell, thus producing a heteroplasmodic cell with one or two functional 
nuclei (a cybrid or hybrid cell). Such a cell can result from fusion 
between protoplasts that differ in their cytoplasmic organelles, or from 
the introduction of heterologous organelles in a plant protoplast. We 
shall be interested primarily in systems that enable the division of the 
cybrid cell and in the fate of the organelles during cell division and 
during plant regeneration. Our discussion wiU, with a few exceptions, 
be confined to angiosperms, and we shall bear in mind that crop im¬ 
provement is the main objective of this treatise. 

To comprehend the present and prospective use of eybrids as breed¬ 
ing tools, we shall briefly review current knowledge on basic chloro- 
plast and mitochondrion features. We shall give short descriptions of 
the genomes of these organelles, the transcription of organelle DNA, 
the translation of organeEe-coded proteins, and the sexual transmission 
of organelles to progenies. For details on these subjects the reader 
will be referred to specific reviews and recent relevant articles. 

Most of this chapter will review the actual studies in which cybrid 
plants were produced. We shall critically look at experiments in which 
the fate and expression of organelles were followed during subsequent 
cell divisions and plant regeneration and in which sexual progenies 
were obtained from cybrid plants. 
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We shall finally evaluate the expected impact of cytoplasmic hybridi¬ 
zation on future studies of plant organelle genetics and point out how 
cytoplasmic hybridization may be integrated with other breeding proce¬ 
dures to achieve crop improvement. 

The reader is referred to other chapters of this book that deal with 
isolation, culture, and fusion of protoplasts; culture of calluses and cell 
suspension; and utilization of metabolic mutants in plant cell genetics 
and crop improvement. 


EXTRACHROMOSOMAL INFORMATION IN ANGIOSPERMS, 
CHLOROPLASTS AND MITOCHONDRIA 

The Chloroplast 

Comprehensive reviews on chloroplast features are presented in 
several texts and reviews (e.g., Akoyunoglou and Argyroudi-Akoyunog- 
lou, 1978; Gillham, 1978; Kirk and Tilney-Bassett, 1978; Tewari, 1979). 
The appreciation of the role of DNA in chloroplast genetics followed 
the detection of DNA in algal Oils and Plaut, 1962) and higher plant 
(Kislev et al., 1965) ehloroplasts. The recent availability of powerful 
biochemical methods vastly increased our familiarity with the chloro¬ 
plast genome and caused a better understanding of its general organi¬ 
zation, replication, coding capacity, and interaction with the nuclear 
genome. 

To avoid ambiguity we would like to note that we use the term 
"plastome" as an equivalent to the chloroplast genome, while "plas- 
mone" is used in a more general sense to include all extrachromosomal 
genomes. Furthermore, the term "chloroplast" includes both ehloro¬ 
plasts and plastids, but not vice versa; when "plastids" is mentioned, it 
should not include ehloroplasts. 


THE PLASTOME. The overall organization of the chloroplast genome 
appears to be rather uniform among many of the angiosperms (Herrmann 
and Possingham, 1980). In all the plants tested, chloroplast DNA, 
which may be regarded as the chloroplast's genophore (analogous to the 
nuclear chromosome), was found to be a circular double-helix molecule 
with a contour length of approximately 35-60 pm, or 120-200kbp (e.g., 
Bedbrook and Bogorad, 1976; Kolodner and Tewari, 1979; Seyer et al., 
1981; Van Ee et al., 1980). The chloroplast DNA (cpDNA) of most 
presently analysed at^iosperms can be viewed as being composed of 
four segments; two similar regions ("inverted repeats") that are 
separated by two single-copy regions of differing lengths. The inverted 
repeats include the ribosomal operon with the direction of transcription 
of the 16S, 23S, 4.5S, and 5S rRNAs pointing towards the short single- 
copy segment; Fig. 1 demonstrates a typical physical map of the 
chloroplast genophore. Exceptions to this general structure, in respect 
to the inverted repeat segment, were recently reported in legumes. 
Only one such segment was detected in the cpDNA of broad beans 
(KoUer and Delius, 1980) and pea (Palmer and Thompson, 1981) while 
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Figure 1. The physical map of the Nicotiana tabacum chloroplast 
genophore. The map is based on fragmentation with four restriction 
endonucleases: Sal I, Bgl I, Xho I, and Pvu II. Fragments are desig¬ 
nated by letter (marking the endonuclease) and number. The bold 
regions and the expanded parts show the inverted duplications. The 
positions of the genes for 16S and 23S rRNA (shaded areas) and the 
large subunit (LSD) of RUBPCase are indicated (from Seyer et aL, 
1981). 

cpDNA of some other legume species seems to conform with the com¬ 
mon inverted repeat structure. 

Although the genofrfiores of species from such widely separated fami¬ 
lies as mustard (Link et al., 1981) and wheat (Bowman et al., 1981) 
have many common structural features, notable intrageneric variations 
were detected in some genera such as Oenothera (Gordon et al., 1981) 
and Nicotiana (Fluhr and Edelman, 1981). Figure 2 demonstrates the 
similarity as well as the variation in the physical maps of some Solan- 
aceae genophores. Such comparisons are obviously of interest for 
chloroplast evolution, but we should also bear in mind that they are 
very instructive in respect to our main thesis. Knowledge of the 
molecular differences between specific genophores is essential for 
predicting the chances for the establishment of a viable plastome/ 
nuclear genome relationship in eases where the endogenous plastome of 
a given species will be exchanged, via cytoplasmic hybridization, with 
an alien plastome. 


RNAs AND PROTEINS CODED BY THE PLASTOME. As mentioned 
above, chloroplast rRNAs were found to be transcribed from the 
plastome and were the first to be located on the physical map of this 
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Figure 2. Differences in restriction endonuclease maps of representa¬ 
tives of the Solanaceae. The maps are based on fragmentation with 
Pvu II and Bgl I. Deletions and additions are shaded. All restriction 
fragments of Nicotiana tabocum are designated, while only those differ¬ 
ing from the above are designated for the other species. The positions 
of the inverted repeats and their accompanying rRNA genes are indi¬ 
cated on the kbp scale (from Fluhr and Edelman, 1981). 

genof^ore (Tewari, 1979). The plastome probably contains a full 
complement of tRNA species needed for protein synthesis in the 
chloroplast. Even though genes for some tRNA species (e.g., tRNA*®”, 
tRNA''''®, tRNA'’'“) were not yet identified in bean, spinach, and maize 
(Mubumbila et al., 1980), these authors have unpublished indications 
(personal communication) that these genes do exist on the plastome. 
As expected, the base sequence similarities between the respective 
spinach and bean chloroplast tRNAs seem to be greater than between 
either of these and chloroplast tRNAs in maize (Mubumbila et al., 
1980). The locations of most chloroplast tRNA genes on the physical 
map of the spinach genofrfiore have been determined (Steinmetz et al., 
1980). The majority of these genes were located on the large single- 
eopy segment, while others (e.g., genes for tRNA^'®\ tRNA^^®^ 
tRNA'-®^^ and tRNA^®®®) were located on the inverted-repeat segment 
(Burkard et al., 1980; Steinmetz et al., 1980). A generally similar 
location of chloroplast tRNA genes emerges from studies with maize, 
broad beans, and other species (personal communication from J.H. Weil). 

Contrary to chloroplast tRNAs, there is no indication that the 
chloroplast aminoacyl-tRNA synthetases are coded by the plastome. 
Evidence for the contrary comes from Euglena (Hecker et al., 1974), 
i.e., that chloroplast synthetases are coded by nuclear genes translated 
in the cytoplasm, and then imported into the chloroplast. However, 
direct evidence for such a situation in angiosperms is stiU not 
conclusive. If the plastome codes for tRNAs and the nuclear genome 
codes for their aminoacyl-tRNA synthetases a high degree of coordina¬ 
tion would be required in respect to the temporal regulation of tRNAs 
and synthetases, and in respect to conformational aspects. This 
consideration brings us back to our main subject. Inserting an alien 
plastome into the domain of a given nuclear genome may cause a 
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mismatch between plastome tRNA and its nuclear coded synthetase and 
thus prevent normal protein synthesis in the chloroplast. 

The chloroplast proteins are either coded by the nuclear genome, 
translated on cytoplasmic ribosomes, and imported into the chloroplast! 
or they are coded by plastome genes and then transcribed and trans¬ 
lated inside the chloroplast (Ellis, 1981). There is no unequivocal evi¬ 
dence for import of mRNA coded by the nuclear genome and then its 
translation inside the chloroplast. Although a large number of polypep¬ 
tides are apparently synthesized by isolated chloroplasts, only a handful 
of polypeptide genes have as yet • been identified and located on the 
physical map of the chloroplast genophore. One of these, the gene for 
the large subunit of ribulose 1,5-bisphosphate carboxylase, was located 
on the large single-copy segment of the maize chloroplast genophore 
(Bedbrook et aL, 1979). Studies with other species have verified this 
finding (see Bottomley and Bohnert, 1981 for review and Westhoff et 
al., 1981 for a brief survey of recent studies). Another chloroplast 
polypeptide, the 32,000 MW membrane protein, which probably plays a 
role in regulating photosystem Il-electron flow (Mattoo et al., 1981), is 
also coded by the plastome. This was verified by the isolation of its 
mRNA (Rosner et al., 1977; Reisfeld et al., 1978) from the chloroplasts 
as well as by location of its gene on the chloroplast genophore (Driesel 
et al,, 1980), 

A chloroplast specific elongation factor that is required for the addi¬ 
tion of amino acids to the translated polypeptide chain was detected in 
spinach chloroplasts (Ciferri, 1975). Recent studies (O. Tiboni, L. Pan- 
zeri, G. di Pasquaie, S.Sora, and O. Ciferri, communicated at the EMBO 
Workshop on Chloroplast DNA, AroUa, Switzerland, May 1981) mapped 
the gene for this factor on the spinach chloroplast DNA map. 

Three polypeptides comprising subunits of the coupling factor (CFi) 
in the chloroplast ATP synthetase complex were recently located on 
the spinach genophore physical map: the alpha, beta, and epsilon 
subunits (Westhoff et al., 1981). Other subunits (i.e., gamma and delta) 
of CFi are coded by the nuclear genome. In dealing with this protein 
we are faced again with a requirement for coordinated syntheses from 
plastome and nuclear genomes, and we should note this requirement in 
studies with cytoplasmic hybrids, resulting from fusion of cells from 
different species or genera. 


LOCATION OF CHLOROPLAST DNA AND CHLOROPLAST REPRO¬ 
DUCTION. The number of genophores per chloroplast and the number 
of chloroplasts per cell should be of great interest in connection with 
somatic hybridization in plants, especiaUy when cytoplasmic hybrids are 
considered. In the first phase of these hybridizations the chloroplasts 
of the fusion partners are included within one plasmalemma envelope 
and are expected to sort our during subsequent cell division. Whether 
or not this sorting out is directed or random, the velocity of sorting 
out should be coordinated with the number of chloroplasts and geno¬ 
phores contributed by each fusion partner to the fusion product. We 
should therefore like to know how genophores are "packed" in chloro¬ 
plasts, i.e., does each chloroplast contain only one, a few, or many 
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genophores? In addition, we should determine how many chloroplasts 
are in each cell. Kowallik and Herrmann (1972) and Herrmann and 
Kowallik (1970) furnished a good approach to the first question. By 
appropriate electron microscope techniques they detected several DNA 
regions in each ehloroplast, indicating a multitude of genophores per 
ehloroplast in green angiosperm leaves. Such DNA regions can now be 
revealed by relatively simple optical microscope techniques, with the 
aid of appropriate fluorescent dyes such as DAPI (4'6-diamidino-2- 
phenylindole). This technique was recently applied to several plant 
species (Coleman, 1979; Kuroiwa et al., 1981; Sellden and Leech, 1981). 
Although the results of these observations vary among species and 
types of cells, we at least now have a general idea on the number of 
DNA regions per ehloroplast; etiolated leaf chloroplasts have only one 
or very few such regions, while mature chloroplasts (3 or more days 
after exposure of etiolated leaves to light) may have between 12 and 
40 per ehloroplast. Moreover, the increase of epDNA is correlated 
with both light exposure and increase of ehloroplast size (Gibbs et al., 
1974). Since light also increases the number of plastids per cell (see 
below), the total number of genophores per cell is probably extremely 
variable. A model for the multiplication of the ehloroplast genome is 
presented in Fig. 3. 

The number of chloroplasts (or plastids) per cell and f^obable modes 
of ehloroplast multiplication were discussed thoroughly by Butterfass 
(1979). The greatest numbers of chloroplasts per cell were commonly 
detected in mesophyll cells. Thus in Rephenus sativus—which belongs 
to a group of plants having a relatively high number of chloroplasts per 
cell—there are 200-350 chloroplasts in each palisade cell, while only 4 
chloroplasts are usually found in each palisade cell of Peperomia metal- 
ica (Piperaceae). The common range of chloroplasts per mesophyll cell 
is 20-40. Lower numbers of chloroplasts per cell were recorded in 
epidermal and meristem cells while the lowest number of chloroplasts 
per cell and the least variation was found in guard cells; 2-15 with a 
mode of 7-8. In meristems there seems to be a positive correlation 
between nuclear division and plastome replication, while such a 
correlation is lackii^ in differentiated tissue. The lack of simple 
nuclear control over plastid development has already been demonstrated 
by Gibor and Granick (1962) in Euglena. Chloroplast differentiation in 
this alga was not impaired following UV irradiation which damaged the 
nucleus and its capability to divide. On the other hand it is note¬ 
worthy that leaf cells of polyploid plants contain much higher numbers 
of chloroplasts than comparable diploid cells. The control mechanisms 
which regulate the number of chloroplasts per cell are still unknown. 
We also lack knowledge on the regulation of genophore numbers per 
chloroplast. Moreover, except for evidence that ehloroplast DNA is 
replicated by a nuclear-coded polymerase, we are ignorant of the 
molecular events of chloroplast DNA replication. Because of the 
requirement for close coordination between nuclei and chloroplasts, 
sustained culture of isolated chloroplasts, which could facilitate the 
molecular approach to cpDNA replication, is not expected to be 
achieved in the foreseeable future. 
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Figure 3. A diapam of chloroplast nuclear events during chloroplast 
development and division, A proplastid in land plants develops into a 
chloroplast with multiplication in the chloroplast genome (ct-genome) 
through at least four different division cycles; proplastid division cycle 
1, the proplastid division cycle 2, the etioplast division cycle, and the 
chloroplast division cycle. Nuclear division in the plastid takes place 
prior to plastidkinesis. Most plants can be classified into one of five 
poups; SN-type, CN-type, CL-type, PS-type, or SP-type, based on 
differences in shape, size, and the distribution of the nucleoid region in 
their mature chloroplasts. The differences in chloroplast nucleoid 
region patterns are explained by the distribution pattern of the repli¬ 
cated ct-genomes in mature chloroplasts which are distributed randomly 
(SN-type); gathered around the pyrenoid (SP-type); distributed along the 
periphery (PS-type); fused to form spherules in the central area (CN- 
type); or fused to form a circle along the periphery (CL-type) (from 
Kuroiwa et al., 1981). 

Chloroplast Genetics. Notable exceptions to Mendelian laws of 
inheritance were revealed soon after the "rediscovery" of these laws. 
One of the investigators who pioneered the detection of these excep¬ 
tions was Carl Correns, who was also one of the three "rediscoverers" 
of Mendel's experiments. Correns observed that reciprocal crosses 
between certain variegated and green plants resulted in different 
progenies. His own studies, as well as studies of other investigators, 
on non-Mendelian inheritance were thoroughly reviewed (Correns, 1937). 
Lacking knowledge on genetic information in chloroplasts and mitochon¬ 
dria, Correns could not pinpoint eases of extranuclear inheritance to 
either of these organelles but rather attributed the genetic control to 
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"cytoidioplasma" or "plasmone." However, he did consider chloroplast 
transmission as being correlated with non-Mendelian inheritance. For 
more recent reviews on chloroplast heredity, the reader is referred to 
reviews by Beale and Knowles (1978) and Gillham (1978). Almost all 
the studies were based on morphological features (e.g., chlorophyll 
pigmentation) of whole plants, and genera expressing biparental trans¬ 
mission of chloroplasts (see below) as Oenothera and Pelargmium were 
the choice plant material. 

A notable exception are the findings of Durbin and Uchytil (1977), 
who studied tentoxin sensitivity. This fungal toxin binds to one of the 
subunits of the thylakoid CFi of some species but not to CFi subunits 
of other species (Steele et al., 1976). The toxin sensitivity is matern¬ 
ally inherited in plants having uniparental chloroplast transmission. 
Tentoxin response can thus serve as a chloroplast marker (see Galun, 
1982); since the genes of the three ehloroplast-eoded CFi subunits 
were recently located on the genophore's physical map, we have at 
hand a rare ease (in angiosperms) in which we should be able to trace 
a change in expression in the mature leaf down to a specific site on 
the physical map of the chloroplast DMA. 

Another ehloroplast-eontrolled trait, streptomycin resistance, was 
revealed through cell culture. Maliga et al. (1973) isolated a strepto¬ 
mycin tobacco cell line that could be regenerated into plants and found 
by reciprocal hybridization that this streptomycin resistance is matern¬ 
ally transmitted to the sexual progeny (Maliga et al., 1975). Further 
studies by Maliga and his collaborators (Yurina et al., 1978) indicated 
that the resistant plants have an altered chloroplast ribosomal protein. 
This trait was rather useful in somatic hybridization both for the selec¬ 
tion of fusion products and as a chloroplast marker—as shall be de¬ 
tailed below. 

A conditioned lethal (thermal) tobacco mutant was detected by Mat- 
zinger and Wernsman (1973). This mutant fails to become autotrophic 
at low temperatures but is normal in permissibe (e.g., 26/20—day/night) 
temperatures. Further studies indicated that this trait is maternally 
inherited and the mutant has defective chloroplast (but normal mito¬ 
chondria) when grown in nonpermissible conditions (Nessler et al., 1980; 
Nessler and Wernsman, 1980). 

Resistance to triazine can probably also be traced to the 32,000 MW 
membrane protein (Pfister et al., 1981) and thus to a specific physical 
map location. However, the intricate molecular meciianism causing 
resistance or sensitivity is still open to further clarification (Gressel, 
1981). 

It should be noted that while chloroplast genetics in algae (e.g., 
Chlamydomonas) is well advanced (Gillham, 1978), the molecular basis 
of many chloroplast genes has not yet been established. 


CHLOROPLAST TRANSMISSION IN SEXUAL PROPAGATION. Genet¬ 
ic studies and the utilization of genetics in plant breeding are based 
on the mixing of parental genes in the zygote and their subsequent 
random segregation in the progeny. In considering chloroplast heredity 
and the employment of chloroplast traits in plant breeding, we face a 
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rather complicated requirement. First, there should be a zygotie 
"mixing" of nuclear, ehloroplast, and mitochondrial genomes of the two 
parents. Subsequently, these genomes should segregate in the progeny. 
Have such processes actually been identified in angiosperms? To 
answer this question we shall briefly survey ehloroplast transtr^ission in 
sexual propagation of angiosperms. This survey is based primarily on a 
recent detailed review (Sears, 1980) and on our own previous discussion 
(Galun, 1982). The reader is referred to these papers for specific 
lit ©rfitUTG* 

There are two approaches to answer the above question. In one 
approach the fate of the plastids in the developing male and female 
gametophytes are followed by structural studies up to the stage oi 
fertilization of the egg cell by the sperm cell. The transmission of 
plastids from both the maternal and paternal parents up to the fertil¬ 
ized egg cell will indicate (but not assure) biparental transmission of 
the plastome to the sexual progeny. The other approach is based on 
reciprocal crosses between plants having different recognizable plastome 
traits. Strict maternal inheritance indicates maternal transmission, and 
the rate of maternal to paternal transmission of a plastome trait serves 
to estimate the degree of maternal and paternal transmission of chloro- 
plasts. However, the investigator should be careful; reciprocal differ¬ 
ences in the phenotypes of Fi plants are only an indication but not 
proof for extranuclear inheritance of a given trait. The striped leal 
trait, iojap, in maize is one of several examples that the first genera¬ 
tion resulting from reciprocal crosses may be misleading (Rhoades, 
1955). The iojop trait is caused by a recessive gene (ij); plants having 
the ij/ij constitution produce defective chloroplasts which are transmit¬ 
ted maternally in maize, but ij is a nuclear gene which causes a 
grammed change to ribosome-less plastids (Walbot and Coe, 19"9)* 
Thus assigning a gene to the organelle genophore should be based on a 
proper genetic study and not merely on reciprocal crosses. 

Because we do not have evidence for the elimination of plastids 
during female gametophyte development in angiosperms (such cases were 
recorded in gymnosperms), we shall consider only plastid transmission 
by the male gametophyte. The latter gametoph^e passes 
several decisive developmental stages (Frankel and Galun, 1977) wrac 
may constitute barriers for ehloroplast transmission. The first is during 
the development of the diploid poUen mother cell into microspores, 
ultrastructural observation indicated that during this phase-transition 
there is a vast clearir^ of the cytoplasm. The second barrier is 
the first asymmetrical mitosis leading into the larger vegetative aw 
smaller generative cell. In some species the generative cell 
no, or only very few, plastids, while in other species the generati 
cell does contain an appreciable number of jdastids (and mitochonor }• 
A further barrier occurs during the discharge of the pollen tube m 
one of the embryo sac’s synergid cells and the further penetration 
the tube's cytoplasm into the cell. In some cases only tte 

nucleus enters the egg cell, while in other cases (e.g., in 
species) both the nucleus and male gametophyte organelles are oe 
ered into the egg cell. Ultrastructural observations are not aiw > 
conclusive, as indicated by Sears (1980), because proplastids e 
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unequivocally be differentiated from reduced mitochondria. Moreover, a 
failure to detect plastids is no conclusive evidence for their absence. 

The other approach, namely deducing chloroplast transmission from 
genetic studies was followed in an appreciable number of species. 
Sears (1980, Table 1) should be consulted for details. In summary, 
information is available from 22 monocot and 107 dicot species. In 
most species the information is based on either genetic studies or 
structural investigation. Only in a few species were both kinds of 
studies performed (e.g., in Pelargonium species—indicating biparental 
plastome transmission—and in tomato—indicating strict maternal plas- 
tome transmission). There seems to be no clear correlation between 
phylogenetic evolution and the type of plastome transmission. For 
example, biparental plastome transmission was detected in rye but not 
in wheat or barley. On the other hand, in certain genera (e.g., Pelar¬ 
gonium and Oenothera) aU the species studied had biparental plastome 
transmission, and in several of these paternal plastids were reported to 
enter the egg cell. The list of examined species is thus still small and 
requires verification, but it indicates that in most of the economically 
important crops (e.g., wheat, rice, cotton, and tomato) the plastome is 
transmitted uniparentally (maternally). This situation should be consid¬ 
ered in plant breeeding; chloroplast characters in these crops can be 
transferred only in one direction and in order to establish a cultivar 
with a given nuclear genome but an alien plastome, the plastome donor 
should serve as female parent in the initial cross while the nuclear- 
genome donor should be the recurrent back-cross male parent. We 
shall see below that this laborious and time consuming breeding proce¬ 
dure can now be speeded up by cytoplasmic hybridization. 


The Mitochondrion 

Mitochondria are consistent constituents of eukaryotic cells and have 
a central role in energy conversion and provision of ATP. Our discus¬ 
sion will focus on genetic properties of angiosperm mitochondria and on 
molecular characteristics of mitochondria related to these properties. 
We shall thus point out, right at the outset, that present information 
on these aspects in angiosperm mitochondria is rather poor as compared 
to that of mammalian and fungal mitochondria. Nevertheless as we 
shall see below, we know already that the mitochondrial genome is 
involved in a number of traits (e.g., male sterility, phytotoxin sensitiv¬ 
ity) that are of major importance to plant breeding. We shall therefore 
mention the major relevant mitochondrial characteristics of mammalian 
and fungal organisms, referring the reader to the appropriate literature 
for details on these characteristics. 

The basic role of mitochondria is probably common in all eukaryotes 
(see Gillham, 1978 for review). Likewise, there are similar basic struc¬ 
tural features in mitochondria of protozoa, metazoa, fungal organisms, 
and green plants. Although there are considerable size and shape vari¬ 
ations even among cells of the same organism, the general structure of 
the mitochondrion is universal. It has a smooth and continuops outer 
membrane and an inner membrane which is also continuous but is highly 



5 ^ (U 
3 do > t- ^ 

‘c* cn 

3 *3 ^ OJ a> 

5 ♦J rH (!) "U OS 

i " 

3 aj -g S a 

’ o 5 s ,Si 

Cs) M O 


. m 2 “ c 

’ i. 4-. s “ 

I >< «i OJ 

I 3 iR ® '-I 

rl i r 
i S’(2'^•2^3 

m S < 


‘“’^glz; 

•a r®* 

i-'Sss : 

s a s r ' 

'-'bi^'a . 

•. 3 ob 
-SO ^ 

^Qit: <“ ■ 

-*-» O 'Tt 

(1) »H K 1—4 
^ 00 g N CO 

‘;3 cn 5 g Oi 

® »H O S r 

^ o ® 

H-« CQ S ( 


P*H C3L, <D 

W O 

§2 §« 

m *42 ’3 

S)ii S) £* 
•S! a 22 § 
3 E ‘3 § 

IB CO n3 

> > w 


< s 

^ ^ a 

c @,3 ^ 

E C “ Oh 
O 'S (U tw 

^23 ° 

£ g E PXH 

+j <l> W 

CO &-• 1-4 


>4 15 


i ii i 
I 1^ ^ 
"! .'i 

= ^ + is 

- ^ 

c^-r^ <4 

3-5^il t-? 

3 c e ■§. S ^ 
0 5 «-s 2 3 
3 <i> Cl Pt 3 ^ 

: <;'::? cC 


ft-’ :? S' 


s:’ + + 

? 

"S. ■& 
a £ £ 


■e E S 

2 S S 

!-§ -S a 

3 ^ o ‘,^1 

'O 4-> +^0 

12: la: iz; 


pJ! 0) fa 

“ " 'Sij'o, 

3 3 S ®2 

ra a; 
S' s S^s. 
2 O II “ 


<U s Q gi 

I ■■Ssoi 


5 2 §•&« 


368 



Cytoplasmic Hybridization; Genetic and Breeding Applications 369 

convoluted into folds called cristae. The lumen between the outer and 
the inner membranes is called the intermembrane space, while the 
space within the inner membrane is called the matrix. It should be 
noted that the two membranes differ in structure, properties, and 
enzyme constituency. In addition to those in or on the membranes, 
some enzymes are typically located in either the intermembrane space 
or the matrix. Details on enzyme location and membrane permeabilities 
are outside the scope of our discussion, but we shall bear in mind that 
the outer membrane is relatively permeable (to molecules of up to 
10,000 MW), the inner membrane is impermeable except to small un¬ 
charged molecules and the transfer across the inner membrane is regu¬ 
lated by specific transport system. The inner membrane also contains 
the main respiratory chain. We do, however, have a "methodological" 
interest in mitochondrial enzymes and their location. Some of these 
enzymes are specific to mitochondria and can be located histochemieal- 
ly. They can thus serve as mitochondrial markers (see Galun, 1981) in 
ultrastructural studies. In physiological and biochemical respects the 
mitochondrion thus emerges as a highly organized, and rather complex, 
"power plant." 

The mitochondrion has its own protein synthesis system based on 
endogeneous ribosomes and tRNAs (see Buetow and Wood, 1978, for 
review). This system, as well as the mitochondrial DMA, will be 
discussed below in some detail because they have direct relevance to 
cytoplasmic hybridization. 


THE MITOCHONDRIAL GENOME: PHYSICAL AND CHEMICAL 

CHARACTERISTICS. The general properties of the mitochondrial 
genome were discussed in several texts and reviews (e.g., Gillham, 1978 
for general review; Edelman, 1981 for plant mitochondria). More often 
than not, the buoyant density (and the G + C percent) of the mito¬ 
chondrial DNA (mtDNA) in a given organism differs considerably from 
that of its nuclear DNA. This difference was pointed out by Luck and 
Reich (1964) for Nevrospora and was subsequently verified in other 
eukaryotes, although there are exceptions (e.g., certain mammals and 
amphibia) to this generalization.' Angiosperms comprise an amazir^ly 
uniform group in respect to mtDNA buoyant density; their mtDNA 
bands at 1.706 ± 0.001 g-cm"^ (in neutral cesium chloride), while the 
buoyant density of their nuclear DNA varies considerably (e.g., 1.702 
and 1.696 g em’^ for maize and cucumber, respectively), Tlmee main 
forms of mtDNA may be found in isolated preparation: linear, open 
circle, and duplex circular molecules. It is not always clear whether 
the linear and open circle molecules represent the natural endogenous 
forms or result from breaks and nicks, respectively in duplex circular 
DNA during isolation. Generally speaking, mammalian mtDNAs are cir¬ 
cular molecules of 5-6 pm contour length (15-17 kbp; 9-12 x 10® appar¬ 
ent MW) while more complex and variable mtDNAs were found in inver¬ 
tebrates. Among the latter some protozoa are outstanding in their 
apparent lack of circular mtDNA. Considerable variations in length 
were reported for fungal organisms (e.g., - 6-25 um in various yeasts, 
~ lO wn in Aspergillus, and 20-25 um in Neurospora). Among photo- 



370 


Specialized Cell Culture Techniques 

synthetic organisms, Euglena is outstanding, having circular mtDNA 
with only 1 |im contour length (although linear molecules up to 19 |un 
have also been found). The contour length of mtDNA from the green 
alga Chlamydomonas is about 5 lun. 

Kolodner and Tewari (1972a, 1972b) described mtDNA of peas, let¬ 
tuce, and spinach as 30 |im circles, having an approximate molecular 
weight of 70 X 10®. Further studies on mtDNA of angiosperms re¬ 
viewed in part by Levings and Pring (1978) indicated that the situation 
is probably more complex and variable. Thus in maize several discrete 
classes of mtDNA were detected by electron microscopy (16, 22, and 
30 um in length). More recently, additional smaU-size mtDNA popula¬ 
tions were detected in certain fertile and male-sterile lines (Kemble 
and Bedbrook, 1980; Kemble et al., 1980) by both electron microscopy 
and electrophoretic analysis. Likewise, male-sterile and fertUe 
sugarbeet lines were found to contain different mtDNA size classes 
(Fowling, 1981). Different size-classes of mtDNA were also reported in 
tobacco (Sparks and Dale, 1980), cucumber, potato, Virginia creeper 
(Quetier and Vedel, 1977), and soybean (Syrenki et al., 1978). A 
detailed study of tobacco mtDNA classes indicated that the base-pair 
sequences of some classes are at least partially homologous (Dale, 
1981). A yet unsolved paradox emerges from comparison of contour 
lengths of angiosperm mtDNA as determined by electron microscope 
techniques to length estimates based on the summing up of the appar¬ 
ent molecular weights of fragments obtained by electrophoretic separa¬ 
tion of restriction endonuclease digested mtDNA; the latter estimates 
are constantly larger (e.g., Vedel et al., 1980). Moreover, completely 
different estimates for mtDNA size based on kinetic complexity were 
reported by Ward et al. (1981). These authors utilized reassociation 
kinetics and restriction analysis and suggested genome sizes of between 
22 X 10 d and 1600 x 10 d (i.e., equivalent to about 60 and 300 iitn 
contour length), respectively, for watermelon and muskmelon. 

Information on the coding capacity of angiosperm mtDNA is only 
beginning to accumulate. Thus obvious questions as the relation 
between genome size and coding capacity and the existence of diffe^ 
ences in coding capacities among angiosperms as well as the latter and 
other eukaryotes cannot be settled presently. Nevertheless, we should 
keep these considerations in mind, because they are of prime relevance 
in cytoplasmic hybridization. This relevance wiU. become clearer during 
our discussion of these hybridizations. At this stage we like to note 
that restriction endonuclease analysis of mtDNA is presently the only 
direct method employed to characterize the mitochondrial population of 
hybrid progenies. Commonly the mtDNA restriction patterns obtain^ 
in cybrid plants are novel, being found in neither of the somatic hybrid 
parental plants. 


THE MITOCHONDRIAL GENOME: CODING AND GENETICS. Re¬ 
search on the mitochondrial genome of at^iosperms is still mostly nf 
the level of DNA restriction patterns, physical properties, and fre?" 
mentary information on rRNA genes. On the other hand, our knowl¬ 
edge of the yeast (e.g., Linnane and Nagley, 1978; Borst and Grivell, 
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1978) and mammalian (e.g. Bibb et al., 1981) mitochondrial genomes is 
well advanced. Several researchers utilized genetic techniques (based 
mostly on the use of "petite" and antibiotic resistant mutants) to 
achieve a detailed understanding of yeast mitochondrial genome (cf. 
Borst and GriveU, 1978). Moreover, molecular approaches were added, 
resulting in an overlapping of the genetic and physical maps of the 
yeast mitochondrial genome. In brief yeast mtDNA codes for mitochon¬ 
drial rRNA and most probably for all the tRNA required for the organ¬ 
elle translation system. The gene sequences for these RNAs as well as 
for a number of mitochondrial proteins were located on the genetic and 
physical maps of the yeast mitochondrial genome. About 5% of the 
proteins in the mitochondrion are coded by mitochondrial genes. 
Among these are subunits of cytochrome c oxidase, cytochrome bci 
complex, ATPase complex, and ribosome associated proteins. As noted 
for ehloroplasts, complete mitochondrial enzyme complexes (e.g., 
ATPase) are composed of some subunits coded by the nuclear genome 
and other subunits coded by the mitochondrial genome (e.g., oli genes). 
Interestingly, only two subunits of the mitochondrial ATPase are 
probably coded by mtDNA of Neurospora, while in yeast the mtDNA 
codes for three ATPase subunits. In this and probably other organelle 
membrane enzymes we face the possibility of a particular subunit gene 
being coded by different cellular genomes in different organisms (Borst 
and GriveU, 1978). Although comparable information on angiosperm 
mitochondria enzymes does not yet exist, we can anticipate the 
subunit rule to hold true here as weU. As a consequence, in cyto¬ 
plasmic hybrids having mitochondria and nuclei from different plant 
species or genera we could face inadequate subunit coordination or 
lack of coordination between subunits and various ceUular components 
such as the membrane. AUoplasmie male-sterUity (see Gerstel, 1980) is 
a candidate for such considerations, which indicate the link between 
molecular aspects of mitochondrial biology and plant breeding. 

Human (Anderson et aL, 1981) and mouse (Bibb et al,, 1981) mito¬ 
chondrial genomes are almost identical in several respects. Both are 
short, being 16,569 and 16,295 base pairs in human and mouse, respec¬ 
tively (should we say that in respect to mtDNA, humans have a mere 
274 base pair advantage over mice?) In spite of the short mammalian 
mitochondrial genome, the latter probably codes for the same major 
mitochondrial components as the yeast (and possibly the angiosperm) 
mitochondrial genome. The mammalian mitochondrial genome codes for 
the 12S and 16S rRNAs, 22 tRNAs, 3 subunits of the cytochrome c oxi¬ 
dase, 1 subunit of ATPase, one subunit of cytochrome b, and probably 
for an additional 8 polypeptides. The latter were E®6dicted from 
"reading frames" of the mtDNA sequence. The genetic code of 
mammalian mitochondria differs from the universal code in several 
important respects. For example, mitochondrial DGA codes for trypto¬ 
phan rather than for termination? ADA codes for methionine rather 
than for isoleucine, and AGA and AGG are termination rather than 
firginine codons. 

Angiosperm mitochondria contain unique rRNA and tRNA species (see 
Edelman, 1981); and by analc^ to other eukaryotes these are probably 
coded by the mitochondrial genome. Rant cells in culture are sensi- 
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tive to most, if not all, the antibiotic drugs toward which mitochon¬ 
drial resistant mutants were isolated in fungi and mammalian cells (e.g., 
chloramphenicol, erythromycin, oligomycin). Therefore one possible 
approach to study mitochondrial genetics in angiosperms is to isolate 
antibiotic resistant mutants in these plants. We have recently isolated 
an erythromycin resistant Nicotiana cell line (unpublished data); 
whether or not this resistance resulted from a mitochondrial mutation 
has not yet been determined. Correlative evidence indicates that 
mitochondria are involved in cytoplasmic male sterility in certain 
angiosperms (e.g., maize, tobacco, wheat, and sugarbeet), such sterility 
resulted from an aUoplasmic condition (Gerstel, 1980), i.e., plants 
contain nuclei of one species and cytoplasmic organelles of another 
species. Various studies (e.g., Levings and Pring, 1976, 1978; Prii^ and 
Levings, 1978; Kemble and Bedbrook, 1980; Kemble et al., 1980) that 
characterized DNA mainly by restriction patterns indicated that cyto¬ 
plasmic male sterile (CMS) Hnes of maize have unique mtDNA restric¬ 
tion patterns. Differences in mtDNA restriction patterns were also 
reported between fertile and CMS sugarbeet cultivars (Fowling, 1981) as 
well as a CMS tobacco line based on backcrossing Nicotiana debneyi 
with N. tdtacum (as recurrent paternal parent; BeUiard et al., 1979), 
We should note that these findings do not prove the causality of the 
correlation between unique mtDNA and male sterility. Recent cyto¬ 
plasmic hybridization, which will be detailed below, strengthen this 
correlation and furnish additional evidence for the involvement of the 
mitochondrial genome in CMS of Nicotiana, 

Susceptibility to the fungus Helminthosporium maytiis was found in 
maize CMS lines containing the Texas male sterile cytoplasm (T). 
Several studies indicated that mitochondria of T lines are specifically 
affected by the respective fungal toxin (see York et al., 1980 for 
details and literature). 

Forde and Leaver (1980) reported that a 21,000 MW polypeptide is 
synthesized in mitochondria of normal fertile maize lines, while in mito¬ 
chondria of CMS lines it appears to be replaced by a 13,000 MW poly^ 
peptide. Moreover, nuclear genes that restore fertility to CMS lines 
^o suppress the synthesis of the 13,000 MW polypeptide. These 
findings may lead to an understanding of the nuclear and mitochondrial 
control of CMS and possibly to H. maydis sensitivity, especially if a 
firm correlation between synthesis of the 13,000 MW polypeptide and 
toxin sensitivity can be established. 


SOMATIC AND CYTOPLASMIC HYBRIDS 

Improved cultivars can be obtained by various breeding approaches. 
Frequently, especially when quaditative characters are at stake, the 
plant breeder knows which traits he intends to improve and has at 
hand one or several cultivars that are satisfactory but for the afore¬ 
mentioned traits. The breeder is thus faced with the problem of 
"inserting" the required traits into existing cultivars. If the traits are 
controlled by nuclear genes then cross breeding, followed by proper 
selection—in the selfed or backcrossed progenies—will commonly lead, 
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through appropriate gene segregation, to the required improved culti- 
vars. The selection phase, which usually requires several generations, 
may be shortened by androgenesis or other means of haploidization (see 
Chapter 6). If the required traits are not available in the cultivated 
species, interspecific crosses could be used, but these may encounter 
incongruity barriers of various kinds. In some cases the zygote is 
produced and the embryo starts to develop, but further development is 
stopped. In the latter cases in vitro embryo culture can be employed. 
However, when the traits required for cultivar improvement are organ- 
eUe-controUed, this breeding scheme is not readily applicable. As out¬ 
lined above, the hybrid will commonly contain only maternal organelles; 
thus no further segregation of organelle-controUed traits is expected. 
However, there are notable exceptions (e.g., rye; Melchers, 1980) which 
should be considered for specific crops. On the other hand, in somatic 
hybridization (see Schieder and Vasil, 1980; Chapter 5) we expect the 
first fusion product to contain organelles from both fusion partners. 
Such cells are termed heteroplasmonic. Evidence that this is actually 
the case was furnished by Gleba (1979) who fused tobacco protoplasts 
from plants with a chloroplast controlled albinism with tobacco proto¬ 
plasts of a nucleus-controlled chlorophyll deficiency. Progeny plants 
with mixed chloroplast populations were obtained, and the detection of 
variegated plants in the sexual progeny of somatic hybrids indicated 
the heteroplastomic character of the fusion product. Other examples 
that indicate a mixture of organelles in the fusion product will be 
mentioned further on. Thus it is by now weU established that somatic 
hybridization is a possible means to achieve new nuclear-gene/plasmone 
combinations. On the other hand, somatic hybridization also creates 
complications. Frequently we are not interested in changing the 
nuclear genome but merely in exchanging chloroplasts and/or mitochon¬ 
dria. In such cases our aim should be cytoplasmic hybrids (eybrids), 
i.e., to obtain fusion products, that will contain a specific nonhybrid 
nucleus but a heteroplasmonic cytoplasm. Such heteroplasmonic and 
homonuclear fusion products should yield the expected plants through 
organelle sortir®-out and redifferentiation (Galun and Aviv, 1979). We 
shall deal with this approach later on in this chapter. 


Organelles and Plasmone Traits in Somatic Hybridization 

What is the relevance of organeUes and plasmone traits in somatic 
hybridization of angiosperms? There are several answers to this ques¬ 
tion. First, morphological traits and biochemical characteristics, which 
are controlled by the plasmone, may serve to identify somatic hybrids. 
Second, certain traits such as streptomycin resistance and chloroplast 
deficiency are instrumental in the selection of heterofusion products 
among colonies or plants resulting from nonfused and autofused proto¬ 
plasts. Third, for breeding purposes or for ceU genetics studies we 
aiay be interested in exchanging the mitochondria and/or the chloro¬ 
plasts of a given cultivar or genotype with organelles from another 
specific plant. The main available information concerning chloroplasts. 
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mitochondria, and male sterility in plants resulting from somatic 
hytoidization has been summarized in Table 1. In this section we shall 
discuss a few specific examples. The aspect of intentional transfer of 
organelles by cytoplasmic hybridization will be detailed in a separate 
section below. 


IDENTIFICATION OF SOMATIC HYBRIDS BY PLASMONE TRAITS. 
As can be seen in Table 1, only a limited number of ehloroplast traits 
were used for the identification of the plastome in plants resulting from 
somatic hybridization. Most of these, i.e., reaction to tentoxin, iso¬ 
electric focusing of the large subunit of RUBPCase, the restriction 
pattern of cpDNA, and streptomycin resistance, were detailed by Galun 
U982). Fusion between a protoplast having normal ehloroplasts and a 
protoplast having (plastome controlled) defective ehloroplasts, may 
result in a green or variegated somatic hybrid having the nuclear geno¬ 
type of the second protoplast. Thus greening and variegation were 
used in some studies as ehloroplast markers for the heteroplastomio 
state (Gleba, 1979; Menezel et al., 1978). The only mitochondrial 
marker presently available is the restriction pattern of mtDNA. We 
shall discuss the use of this marker as well as cytoplasmic male steril¬ 
ity when dealing with the appropriate examples. 

Somatic hybridization of Nicotiana langsdorffii and N. glauca was the 
first reported somatic hybridization in angiosperms (Carlson et al., 
1972). Chen et al. (1977) analysed the RUBPCase of 16 of these 
somatic hybrid plants. AH these plants had the combined RUBPCase 
small subunits of both parental types, indicating nuclear hybridization. 
Of the 16 plants, 9 had only the large subunit of N. Icaigsdorffii chloro- 
plasts while 6 plants had the large subunit of N. glauca ehloroplasts. 
One plant had both kinds of large subunits, but the latter segregated 
in the sexual progeny. These results clearly indicated that the fusion 
caused a heteroplastomic state foUowed by sorting out of ehloroplasts. 
Sorting out was rather abrupt in most eases. Rapid sorting out is 
common to most reported cytoplasmic hybridizations. 

Isoelectric focusing was frequently used as ehloroplast marker (Table 
1), because both the plastome and the nuclear genome can be identified 
in one single test. On the other hand it lacks sensitivity. Thus using 
this method Iwai et al. (1980) identified only the large subunit RUBPC¬ 
ase of N. tabacum in a somatic hybrid resulting from N. tabacum + N. 
rustica, but some of the plants obtained from anther culture of this 
hybrid had N. rustica large subunit RUBPCase (Iwai et al., 1981). This 
somatic hybrid probably contained a mixture of N. tabacum and N. 
rustica ehloroplasts, but the fr-action of the latter was below detection 
by isoelectric focusing. 

Another commonly used ehloroplast marker is the cpDNA restriction 
pattern. It was first employed by BeUiard et aL (1978) to character¬ 
ize N, tabacum and N. debneyi ehloroplasts. Since the cpDNA of dif¬ 
ferent species is often fragmented differentially with at least some 
restriction endonucleases, this method is rather useful as a ehloroplast 
marker in somatic hybridization. Furthermore even intraspecies differ¬ 
ences in cpDNA can be detected by the respective restriction pattern 
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analysis. Scowcroft and Larkin (1981) used this method to study 
chloroplast sorting out after fusion of protoplasts from two variants of 
N. debneyU 

Cytoplasmic male sterility (CMS) is strictly maternally inherited in 
several plants such as tobacco, maize, wheat, and Petunia (Frankel and 
Galun, 1977). There is good circumstantial evidence that CMS is con¬ 
trolled in Nicotiana by a nuclear/mitochondrial interaction (Belliard et 
al., 1979; Galun et al., 1981). CMS can therefore serve as an organ¬ 
elle (tentatively mitochondrial) marker in Nicotiana. Belliard et al. 
(1978) utilized CMS to detect somatic hybrids between two tobacco 
lines. One of these lines was CMS (with N. debneyi cytoplasm) and 
had sessile leaves (nuclear marker) while the other was fertile (with N. 
tobacum cytoplasm) and had petiolated leaves. The leaf shape in the 
sexual hybrids between these lines was intermediate. Consequently, 
these authors could distinguish somatic hybrids from cybrids. Plants in 
which either leaf shape or male sterility/fertility differed from those of 
either parental type were presumptive somatic hybrids or cybrids. 
Chloroplast DNA restriction analysis was utilized to identify the 
chloroplasts of the tested plants, and no correlation was found between 
chloroplast type and CMS. However, results of mtDNA restriction 
analysis were correlated with CMS. Finally, male sterility was used by 
Izhar and coworkers to identify somatic hybrids among plants obtained 
after fusion of two Petunia species (Izhar and Power, 1979; Izhar and 
Tabib, 1980). 

Restriction patterns of mtDNA were used in only two studies to help 
in the identification of somatic hybrids (or cybrids). One of these 
(Galun et al., 1981) will be discussed in detail in the following section. 
The other study was performed by Nagy et al. (1981) on somatic hy¬ 
brids between N. tobacum and N. knightiana. In this study the mtDNA 
restriction patterns were analysed in 6 hybrid clones. In addition to 
showing mostly either of the parental fragments, these hybrids also had 
unique fragments. Based on probing the respective restriction patterns 
with E. coli DNA the authors suggested that a sequence rearrangement 
occurred in the mtDNA of the hybrids. As mtDNA restriction patterns 
of Nicotiana species are remarkably stable even during in vitro cell 
culture (Sparks and Dale, 1980; Galun et al,, 1981) the rearrangement 
should be attributed to the heteroplasraonic state following protoplast 
fusion. 

Utilization of Flasmone Traits to Select Somatic Hybrids. Because of 
the lack of appropriate mitochondrial mutants in angiosperms, our ex¬ 
amples will be confined to plastome traits. In practice two types of 
chloroplast mutants were used. The first type have a malfunction in 
photosynthesis, e.g., lack of chlorophyll. The second type is resistant 
to antibiotics (e.g., streptomycin, kanamyein), which affect translation 
inside the chloroplast but not in the cytosol. Streptomycin resistance 
was used in several somatic hybridization studies by Maliga and co- 
workers, and in our laboratory to select hybrid plants (see Table 1). 
For example, Medgyesy et al. (1980) fused protoplasts from a strepto¬ 
mycin-resistant N. tobacum line with N. sylvestris protoplasts and 
transferred the resulting calli to a medium containing 1 mg ml"' strep- 
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tomycin. The N. tabacum protoplasts were pretreated by iodoacetate 
and therefore did not survive unless fused with N. sylvestris proto¬ 
plasts. Nonfused and autofused N. sylvestris protoplasts were expected 
to produce streptomycin-sensitive calluses. The plants regenerated in 
the presence of streptomycin were, as expected, either somatic hybrids 
or eybrids. The results confirmed this expectation. 

Albinism and other chloroplast deficiencies may be caused by either 
the plastome or nuclear genes. Gleba and coworkers (Gleba, 1979) 
used such traits to select somatic hybrids and eybrids. Both fusion 
partners were protoplasts from N. tabacum, but one had a plastome 
mutation (P") while the other was the "sulfur" mutant (Su/Su) which 
results in yellow and lethal plants (unless cultured in a sugar- 
containing medium). Green or green/yellow variegated plants could 
thus be selected as fusion products. 


Cytoplasmic Hybridization: A Tool for Organelle Exchange 

We already mentioned above that for breeding and cell genetics pur¬ 
poses we may be interested in producing a plant of a certain nuclear 
genotype but with alien mitochondria and/or chloroplasts. To achieve 
this purpose we should avoid the complication resulting from regular 
somatic hybridization, i.e., a heterozygous nuclear genome. Fusion be¬ 
tween protoplasts containing the fuU complement of nucleus, mitochon¬ 
dria, and chloroplasts with protoplasts that lack nuclei (e.g., Wallin et 
al., 1978; Hoffmann, 1981) or in which nuclear division is suppressed, 
can be helpful in this regard. Another way could be the introduction 
of chloroplasts, mitochondria, or their respective DNAs into normal 
protoplasts followed by culture and plant regeneration. The latter way 
was tried by several authors, but as yet did not yield the expected 
plants (see Binding, 1979). Since our own study, using the "Donor- 
Recipient" technique, resulted in plants with the expected exchange of 
organelles, we shall detail our protocol and describe such experiments 
performed in our laboratory. 


PROTOCOL 

Only fusion and plant regeneration procedures by the "donor-recipient" 
method will be described. This protocol will not detail procedures 
handled elsewhere in this book. The reader should therefore consult 
other chapters for protoplast isolation, protoplast culture, protoplast 
fusion, and regeneration of plants from calli. Figure 4 schematically 
illustrates the method. 


Protoplasts 

1. Choose "donor" and "recipient" partners. These should preferably 
differ in respect to both nuclear and cj^oplasmic characters. The 
required organelle characters should be in the "donor." 
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Figure 4. The "donor-recipient" method of cytoplasmic hybridization; 
Scheme of procedure. Legend for numbers; (la) "donor" leaf as source 
of protoplasts; (lb) cell suspension culture as source of "recipient" 
protoplasts; (2a) maceration of "donor" leaf in enzyme solution; (2b) 
maceration of recipient cell suspension in enzyme solution; (3) mixing of 
X-irradiated "donor" and nonirradiated "recipient" protoplasts; (4) inser¬ 
tion of 0.25 ml mixed protoplast suspension to the center of a petri 
dish; (5) addition of 0.35 ml PEG solution; (6) addition of 0.5 ml CPW: 
(7) removal of solution, leaving agglutinated protoplasts on the dish; (8) 
addition of 0.5 ml CPW; (9) final dilution of fused protoplasts with 
liquid medium. Protoplasts of "donor" (a) and "recipient" (b), containing 
nuclei (N), mitochondria and chloroplasts or plastids, as well as fusion 
product protoplast with only one functional nucleus are presented in a 
highly schematized manner. 

2. Prepare protoplasts from cell suspensions or leaf-mesophyll or from 
both. There is an advantage of having "donor" and "recipient" 
protoplasts from different tissue sources, because then heterofusion 
can be observed and its percent can be evaluated. Avoid strong 
light during isolation and fusion of protoplasts. 

3. X-irradiate "donor" protoplasts. Nicotiana mesophyll protoplasts 
should be irradiated with an approximate dose of 5kr; other proto¬ 
plasts may require different doses in order to emrest nuclear divi¬ 
sion. Gamma, rather than X-irradiation may be applied. 
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Fusion 

The fusion protocol is a modification of the method of Kao and Miehay- 

luk (1974). 

1. Mix "donor" and "recipient" protoplasts in a Isl proportion at a 
final density of about 5 x 10^ protoplasts per ml. 

2. Use a 6 cm diameter plastic petri dishes (tissue culture grade, e.g., 
Falcon 3002) and add 0.25 ml of the mixed protoplasts suspension 
in the center of each dish. Use several such dishes for each 
fusion experiment. 

3. Add 0.35 ml of a PEG solution in the form of small drop at the 
periphery of each of the protoplast suspension "drops." Wait 15 
min. 

4. Add 0.5 ml CPW, in the form of small drops, to the peri[^ery of 
each protoplast suspension "drop." Wait 10 min (you may observe 
that the aggregated protoplasts stay at the center of the "drop"). 

5. Use a Pasteur pipette to carefully remove the solution (but not the 
protoplasts) from the "drop" and add another portion of 0.5 ml CPW 
as above. Wait 10 min and repeat this step twice. 

6. Add 1-3 ml liquid culture medium to each petri dish. Observe 
microscopically (use inverted microscope) to determine the proto¬ 
plast density for your specific protoplast system ffor tobacco: 
optimal density is about 2 x 10^ protoplasts per ml). Use culture 
medium that is appropriate to your specific [x-otoplast system. 

7. Close dishes with Parafilm and incubate (usually at 25-28 C). One 
or two days of dark or dim light incubation is probably of advant¬ 
age to most irotoplasts. Thereafter shift to light of about 50-200 
fc. 


Growth and Selection 

1. After 2-3 days add agar medium to reach final concentration of 
0.8S6 agar (add a 42 C agar solution dropwise to avoid sudden 
heating of the protoplasts). If before adding sigar medium you 
observe that the density of viable protoplasts is much below 
optimal, trajTsfer the fused {^otoplast over a feeder layer (see 
Raveh et al., 1973; CeUa and Galun, 1980, for principle; and 
Zelcer et al., 1978, for application). 

2. Selection against imfused and autofused "recipient" protoplasts may 
start with the first incubation in liqiud culture medium (e.g., manr 
nitol as osmoticum to select agednst N. sylvestris protoplasts) or it 
may be delayed to a later culture phase (e.g., transfer of young 
calli to a streptomycin containing medium to select against strep¬ 
tomycin sensitive cells). The selection procedure should thus be 
adopted to fit the specific system used. 
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Hant Regeneration 

This stage will not be detailed, because the procedures to induce re¬ 
generation are specific for each system. Likewise, other means of iden¬ 
tification of the cybrids and the determination of the plasmones will 
not be detailed here, because these subjects were detailed in previous 
sections of this chapter. 


Specific Solutions 

1. PEG solution: prepare a 50% polyethylene glycol 1500 (e.g., BDH 
Chemicals Ltd. Poole, England) solution in 10 mM Cad 2 , 0.1 M 
glucose. 

2. CPW: 0.55 M mannitol (preferably from BDH), 0.19 mM KH 2 PO 4 , 
0.01 M Cada 0.98 mM Mg SO 4 . VHaO, 0.98 mM KNO 3 , 0.99 mM- 
KI, 0.16 mM CUSO 4 in 1000 ml H 2 O. 


The "Donor-Recipient" Method—Transfer of Male Sterility and Organelle 
Exchange 

Because the "donor-recipient" method is potentially applicable to 
several systems, we shall describe it in some detail, using our own 
experiments as representative examples. These experiments were par¬ 
tially published (Zelcer et al., 1973; Galun and Aviv, 1979; Aviv and 
Galun, 1980a, 1980b; Aviv et al., 1980; Galun et el., 1981). 

Our rationale for the first "donor-recipient" experiment was the fol¬ 
lowing: Fusion of untreated "recipient" protoplasts having a given 

plasmone, with X-irradiated "donor" protoplasts having a different 
plasmone, and culturing under conditions that will prevent division of 
"recipient" protoplasts should result in eybrid ^ants having the 
"recipient" nuclei and plasmone traits of the "donor." We chose N. 
sylvestris as "recipient" because N. sylvestris protoplasts do not divide 
in a mannitol containing medium. The "donor" protoplasts were ob¬ 
tained from a CMS tobacco line (L-92) which was reported to have 
originated from a cross between N. suaveolens (female) and N, tabacum 
(male) followed by repeated back crossings to N. tabacum as pollinator. 
The morphology of L-92 was identical to N. tabacum cv. Xanthi but it 
is CMS, having stigmoid/petaloid anthers and no viable pollen. Because 
of uniparental transmission we assumed that the chloroplasts and the 
mitochondria of L-92 are identical or very similar to N. suaveolens 
(since we could not determine whether N, suaveolens or a related Aus¬ 
tralian Nicotiana species was in fact the original maternal progenitor 
of L-92, we shall term the organelles of Lr92 as "L-92" rather than 
"sua"). Using abbreviations for nuclear genome, plastome, and male 
sterility (or fertility) respectively, the first fusion experiment can be 
written as: 


syl/tbc/fert + tbc/L-92/ster (irr.). 
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This meanss N. sylvestris nueleus/N. tabacum ehloroplasts/male fertile, 
plus N. tabacum nueleus/L-92 chloroplasts/male sterile; (irr.) denotes X- 
irradiation. The chloro^asts of N. tabacum and N. sylvestris are iden¬ 
tical in respect to aU tested characters (e.g., tentoxin resistance, 
epDNA patterns after fragmentation with several restriction endonuclei). 
We therefore use ”tbc" to denote the chloroplasts of both these 
species. 

It was anticipated that the heterofused protoplasts have a selective 
advantage because the X-irradiated "donor" protoplasts should not pro¬ 
duce colonies and the "recipient" protoplasts should not divide in our 
standard (mannitol) medium unless fused with the "mannitol resistant" 
N. tabacum protoplasts. The results can be summarized as follows. 
Most of the regenerated plants (20 plants from 5 calli), had N. 

sylvestris morphology but were male sterile like the "donor" plants. 

These 20 plants were termed Type A. Using three chloroplast markers 

(tentoxin sensitivity, isoelectric focusing of RUBPCase, and cpDNA 

restriction patterns) we found that l^pe A plants had L-92 
chloroplasts. Tlius chloroplasts and CMS were transferred from the 
CMS tobacco line (L-92) to N, sylvestris. The uniformity of Type A 
plants in respect to chloroplast composition and CMS was confirmed by 
out-crossings to N. sylvestris and N. tabacum as well as by 
androgenesis. Thus Type A plants can be denoted ass syI/L-92/ster. 

These results urged us to ask the following questions; (a) Can the 
fertility of Type A plants be restored by fusion with a fertile donor?; 
(b) Is the restoration of fertility correlated with chloroplast transfer? 

An affirmative answer to the first question would indicate the gener¬ 
al applicability of the "donor-recipient" method to transfer male steril¬ 
ity and male fertility unidirectionally. Furthermore, if there is no 
correlation between the transfer of chloroplasts and male sterility, the 
latter trait might be mitochondrially controlled and consequently the 
"donor-recipient" method would be applicable in a more general manner: 
plastome traits could be transferred independently from mitochondrial 
traits. 

To answer these questions we performed the following fusion: 
syI/L-92/ster + tbc/tbc/fert (irr.). 

Namely, we used Type A as "recipient" and normal N. tabacum cv. 
Xanthi as "donor." In one such experiment we obtained 63 calluses of 
which 13 were ascertained to be fusion products. These calli resulted 
in the following cybrid plants: 

7 plants from 3 calli; syl/tbc/ster 
19 plants from 8 calli: ^I/tbc/fert 

8 plants from 4 calli; ^I/L-92/fert 

In several cases one callus resulted in two kinds of plants (e.g., syl/ 
tbc/fert and syZ/L-92/fert). Such calli are listed twice in the 
mentioned data. In addition one plant, syI/L-92/ster, that had the 
same nuclear/chloroplast/sterility composition as Type A was obviously 
a fusion product, because it resulted from a callus that also produceo 
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syl/tbc/stei plants. It is thus obvious that sorting out of plastids was 
still in progress at the callm level. We rarely observed that both 
male sterile and male fertile plants differentiated from one fusion- 
produet callus. Could this mean that sorting out of mitochondria is 
completed much earlier than sorting out of ehloroplasts? We do not 
have an answer to this question but should note that the cytoskeleton 
may provide interconnections between the mitochondria in the cytosol. 
If this is the actual situation in angiosperms, the mitochondrial 
complement of a cell may not be regarded as composed of physically 
independent particles within a given cell. 

Our experiments led us to ask the following further questions: (a) Is 
there a sorting out of mitochondria during cell division of a fusion pro¬ 
duct? (b) Is there a correlation between the mitochondrial genome and 
male sterility/fertility? (e) Is there an independent assortment of 
ehloroplasts and mitochondria in cybrids resulting from heteroplasmonic 
fusion? We could answer these questions by employing mtDNA restric¬ 
tion patterns of the two fusion partners (e.g., Type A and N. tabacum 
cv. Xanthi) differ substantially. Two additional observations are 
noteworthy. There was no difference between the restriction patterns 
of N. tabacum and N. sylvestris mtDNA (after fragmentation with either 
Xho I or Sal I). Furthermore, the mtDNA restriction patterns of cell 
suspensions were identical to those of intact plants. Within each 
cybrid plant the mtDNA restriction pattern was stable; even the 
sexual progeny of a given cybrid retained the original cybrid pattern. 
The main two results of the analysis of the cybrids mtDNA were (1) 
most cybrids had some fragments found in neither of the parents and 
(2) male sterile cybrids always had mtDNA restriction patterns which 
were similar or identical to the sterile parent while male-fertile 
cybrids had restriction patterns which were similar or almost identical 
to the restriction pattern of the fertile parent. 

The cybrids could therefore be grouped as follows; 

syI/L-92/L-92* (ster) 
syl/L-92/tbc* (fert) 
syI/tbc/L-92* feter) 
syl/tbc/tbc* tfert) 

(The asterisks denote similarity or identity with the respective mtDNA). 

The latter finding indicated a correlation between mitochondrial com¬ 
position and male sterility/fertility. Hiese findings are in accordance 
with those of BeUiard et al. (1979) and Nagy et al. (1981) working 
with different systems of Nicotiana. The novel mtDNA restriction pat¬ 
terns obviously indicate changes in the base sequence of mtDNA follow¬ 
ing protoplast fusion which is in contradiction to the stability of 
mtDNA during sexual propagation and eeU division. Whether this 
change in sequence resulted from rearrangement or recombination 
should be determined in future studies. Here we shall only note that 
if indeed there are interconnections between all or part of the mito¬ 
chondria of an angiosperm cell there is a good chance for different 
mitochondrial genomes to meet in a cybrid cell—a chance which is 
probably rare or nonexisting in respect to plastomes, since we have no 
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indications for interconnections between chloroplasts in angiosperm 
cells. 

While we found a correlation between male sterility/fertility and 
mitochondrial type, no such correlation was found for chloroplasts: fre¬ 
quently two cybrids havii^ identical chloroplast composition differed In 
male fertility and, vice versa, cybrids which differed in chloroplast 
composition were identical in respect to male fertility. 

Our three questions were thus answered: there was a sorting out of 
mitochondria which was independent of chloroplast assortment and there 
was a correlation between mitochondrial assortment and segregation of 
male sterility/fertility. 

The above described experiments were alimented in our laboratory 
with other similar "donor-recipient” studies. Table 2 indicates that al¬ 
though the number of calli obtained in six such experiments was vari¬ 
able these experiments consistently yielded a high proportion of cybrid 
calli. Furthermore, numerous cybrid plants were obtained from each 
experiment. Streptomycin resistance seems to be an efficient selection 
method resulting in a low number of "escapee" calli. Figure 5 demon¬ 
strates the transfer of the streptomycin-resistance character from the 
N. tabacum SR-1 "donor" to N. sylvestris. It should be noted that in 
this specific experiment most cybrids produced only streptomycin-resist- 
ant progenies while some cybrids produced both sensitive and resistant 
seedlings (details will be published elsewhere). Experiments 5 and 6 of 
Table 2 were designed to result in variegated plants. Such plants 
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Figure 5. Verification of chloroplast transfer in a "donor-recipient" 
experiment by the streptomycin test. Surface-sterilized seeds were 
placed on nutrient agar without (upper row) or with 1 mg-ml‘‘ strep¬ 
tomycin (lower row)} A-sensitive "recipient" parent: N. sylvestris, B- 
resistant cybrid, (G-d-33), Oresistant "donor" parent: N. tabacum SB-1* 




Table 2. Cybrid Hants Obtained in Six Different Fusion Experiments Employing Different Sources for "Donor- 
Recipient" Pairs 
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were actually found among the respective cybrids, indicating that 
complete sorting out of chloroplasts is not an obligatory result of 
cytoplasmic hybridization. 


MODIFICATION OF THE "DONOR-RECIPIENT" METHOD; USE OF 
lODOACETATE. A notable modification to the "donor-recipient" 
method was reported by Maliga and coworkers (e.g., Sidorov et al., 
1981), These authors applied the iodoacetate inactivation technique 
which was suggested by Wright (1978) for the selection of fused 
mammalian cells. This technique is based on metabolic inhibition of 
protoplasts which were pretreated with iodoacetate. The pretreatment 
will cause the degeneration of nonfused and autofused protoplasts while 
fusion of pretreated protoplasts with nontreated protoplasts will cause 
metabolic complementation and result in viabie hybrids. In one experi¬ 
ment iodoacetate-treated Nicotiana plumbaginifolia cell-suspension 
protoplasts were fused with X-irradiated N. tabacum mesophyll proto¬ 
plasts and 47 calli were obtained. AH regenerated (cybrid) plants from 
these caUi had N. plimbaginifolia morphology, but most of them con¬ 
tained N. tabacum chloroplasts. The iodoacetate treatment does not 
impair the nucleus of the treated protoplast. Thus the latter can 
complement an X-irradiated protoplast. Cybrid formation is therefore 
the expected result. It is feasible that other metabolic inhibitors may 
be applicable in a similar manner. 


CONCLUSIONS AND FUTURE PROSPECTS 

Recent developments in molecular and somatic genetics can provide 
exceUent tools for novel approaches in plant breeding. A recent dis¬ 
cussion of this subject by Cocking et al. (1981) provides numerous 
examples for such approaches. In addition, these developments are 
useful for future studies on plant ceU genetics. Achievement in this 
latter area wiU obviously have an impact on crop improvement. 

In this chapter we stressed the role of organeUes in somatic hybridi¬ 
zation and noted that protoplast fusion can provide new nuclear/plfls- 
mone combinations which cannot be obtained by sexual hybridization. 
We dealt in detail with the transfer of organeUes from one plant 
species (or cultivar) to another by the "donor-recipient" method 
because this method was already shown to be applicable in practice 
and useful for the transfer of important plastome and mitochondrial 
traits. Obviously there are other potential possibilities. Thus "cyto- 
plasts" (e.g., Hoffmann, 1981) or enucleated protoplasts (a*acha and 
Sher, 1981), rather than X-irradiated protoplasts may be applieaWe m 
organeUe "donors" in specific cases. Furthermore, it is eonceivaWe 
that in the future efficient means wUl be available to introduce alien 
plastomes and mitochondrial genomes (or fractions of these genomes) 
into plant cells in a way which will assure the replication and expre^ 
sion of the introduced genomes. Microinjeetion or encapsulation m 
liposomes could provide the appropriate "Trojan horse" in such manipi^ 
lations. The notable advantage of certain ai^iosperms over mammals is 
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the totipotency of higher plant cells from the former. A single-injec¬ 
ted (or otherwise manipulated) plant cell can regenerate a functional 
plant, which can be further ha^oidized, subsequently diploidized, and 
then self-pollinated to yield pure lines. 

While it is expected that future achievements in molecular genetics 
of microorganisms and animal cells could be adopted at least in part to 
angiosperms, there is still one major limitation; only in a rather few 
angiosperm species is a workable "protoplast system" available. There¬ 
fore to fully utilize novel methodologies for crop improvement efficient 
techniques should be established to regenerate functional plants from 
isolated protoplasts. Unless such techniques wiU be made applicable to 
our major crops, the balance between "prospects" and "achievements" 
will lean strongly to the former. 
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CHAPTER 10 

Isolation of Mutants from Cell Culture 

C.E. Flick 


Cell cultures offer many advantages for isolation of mutants in higher 
plants. Unlike the whole plant, a very large number of cells can be 
screened at one time for a desired trait. Because the cells are grown 
in a uniform cultural environment, reproducible selection schemes can 
be employed. The nature of the mutations can be more rigorously de¬ 
fined in a cell line for which stringent growth conditions can be im¬ 
posed. Efficient mut^enesis of plant cell cultures is possible, as the 
cells can be uniformly treated with physical or chemical mutagens. 
The isolation of auxotrophic cell lines of higher plants has lagged be¬ 
hind the isolation of resistant mutants primarily because of the lack of 
stable haploid cell lines and the lack of selective systems. However, 
the isolation of auxotrophs by large scale screening of cell colonies 
descended from mutagenized protoplasts has been recently demonstrated 
(Sidorov et al., 1981). 

Variant cell lines are usually isolated from protoplasts or more 
commonly from cell suspension cultures. Protoplasts are advantageous 
in that a population of single cells is available. Protoplasts, however, 
are more difficult to isolate and culture than cell suspension cultures. 
In some instances, e.g., Zea. Tnays, plant regeneration is possible from 
suspension cultures but not from protoplasts. A cell suspension, how¬ 
ever, may be filtered to remove large cell abrogates. Variant cell 
lines have been isolated by plating of cell suspension cultures on solid 
agar medium (e.g.. Flick et al., 1981) and by direct selection in ceH 
suspensions (e.g., Widholm, 1972a). Plating is advantageous in that 
cross-feedii^ of beneficial or toxic compounds is reduced. In addition, 
more than one variant colony can be retrieved from a single selective 
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plate. Direct selection in cell suspension cultures can result in exten¬ 
sive cross feeding, as cells are bathed in liquid medium. Selection in 
liquid medium may produce a more heterogeneous cell population, be¬ 
cause identification of individual colonies is not possible. Hence plat¬ 
ing techniques have been used most frequently. 

In almost all instances described mutants have been selected that 
are resistant to an antimetabolite. The most common selection has 
been for resistance to amino acid analogues and amino acids. Indeed, 
resistance to 13 different amino acid analogues and 4 amino acids has 
been reported. Other antimetabolites have included nucleic acid base 
analogues, antibiotics, herbicides, and phytotoxins. Most mechanisms of 
anti metabolite r^istance arise through failure of the antimetabolite to 
interact with its target macromolecule. For example, when sensitivity 
to an herbicide or phytotoxin is due to the action of the compound at 
a single site, resistance can be selected using in vitro techniques. 
Simple positive selection has produced corn lines resistant to Helmin- 
thosporium moydis (Gengenbach and Green, 1975) and lines of N, tabc- 
cum resistant to the herbicide pichloram (Chaleff and Parsons, 1978a), 

Mutant cell lines have been selected that have direct application in 
agriculture as well as those of more interest in basic research in plant 
genetics. The most common mutants isolated in vitro that are econom¬ 
ically valuable are resistance to phytotoxins, (e.g., Helminthosporim 
T.oydis, Gengenbach and Green, 1975) herbicides (e.g., pieloram resist¬ 
ance, Chaleff and Parsons, 1978a), NaCl tolerance, and chilling resist¬ 
ance. All but the last trait have been shown to be sexually trans¬ 
mitted. Many other mutants, while not of direct economic importance, 
may be useful as selective markers in somatic hybridization. The 
usefulness of amino acid analogue resistant cell lines for selection of 
somatic hybrids has been demonstrated in N. sylvestris (White and 
Vasil, 1979) and in D. carota (Harms et al., 1981). 

In most instances positive selections will not lead to isolation of 
auxotrophic mutants, e.g., those mutants with a nutritional deficiency. 
Auxotrophic mutants are usually isolated by screening large numbers of 
ceU lines regenerated from either protoplasts (e.g., isoleucine and 
uracil requiring lines, Sidorov et al., 1981) or single cells and small 
aggregates filtered out of suspension cultures (e.g., pantothenate and 
adenine requiring lines. Savage et al., 1979) for nutritional require¬ 
ments. ^ Carlson (1970) used bromodeoxyuridine (BudR) to enrich for 
nongrowing auxotrophic cells. Growing cells incorporate BudR into 
DNA. When transferred to light, photolysis of the BudR causes exten- 
si^^ DNA damage. Cells that are not growing do not incorporate BudR 
and are not light sensitive. Six cell lines were isolated with 

nutritional requirements. BudR was also used by Malmberg (1979) to 
enrich for temperature sensitive conditional lethal mutants of N. 
tabacum. Cells unable to metabolize nitrate (nitrate reductase defici- 
isolated by selection for chlorate resistance (e.g., 
Muller and Grafe, 1978), Although these cell lines are technically 
auxotrophic, they are isolated by a straightforward positive selection 
for resistance to an antimetabolite, chlorate. 
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LITERATURE REVIEW 

A great many variant eeU lines (about 128) have been isolated 
through in vitro techniques. At laresent 51 phenotypes have been sel¬ 
ected in 20 different species. Of these eeU lines, 25 have been regen¬ 
erated in 8 species. In only 13 instances has there been genetic 
analysis of mutant plants isolated from in vitro cultures. Of the 
genetic analyses, 11 involved Nicotiana species, most frequently W. 
tabacum. However, in more instances there has been some biochemical 
analysis of the variant eeU lines. Many variant cell lines have not 
been analyzed at aU. The current status of in vitro mutant isolation 
is reviewed here. 


Amino Acid suid Amino Acid Analogue Resistance 


The majority of mutants isolated from in vitro cultures of higher 
plants have been selected for resistance to amino acid analogues or 
growth inhibitory naturally occurring amino acids. The reported amino 
acid analogue and amino acid resistant cell lines are summarized in 
Table 1. Most mutants have been isolated as resistant to either aro¬ 
matic amino acid analogues, e.g., 5-methyltryptophan, p^uorophenylala- 
nine, and 6-fluorotryptophan or analogues of lysine and threonine, e.g., 
S-aminoethylcysteine, o-hydroxylysine, as well as lysine and threonine 
themselves. 

Resistance to antimetabolites can arise through one or more of seve¬ 
ral mechanisms (see Fig. 1). First, overproduction of the naturally 



Figure 1. Mechanisms of resistance to amino acid analog: (1) reduced 

uptake of analog, (2) decreased sensitivity of an amino acid biosyn¬ 

thetic enzyme to feedback inhibition leading to (3) overproduction of 
naturally occurring amino acid. (4) Excess of amino acid diluted effect 
of analog in protein synthesis or (5) led to increased synthesis of 

se^ndary metabolites may also be a method of degradation of amino 

acid analogs that are direct precursors of secondary metabolites. 






.2 e ^ 0^ 

^ 00 ^ 0 0^0 

p o -C 00 p oo 

<D is (s ^ *2 ^ 

2; m 


t*- 00 

•. t- t- ^ 
,-H OS • 

O ^ ^ 


6 E 

hite & 

1979 
haleff 
son, 1 
ielsen 

1980 

0 

C.MM 

1% 

T3 T3 

CO 

P 

0) 

00 0 0 

9) ,C 
iH T3 -O 

S 

& 0 2 

0 



« o 5 : ® 

«P5 g>S’w^Pjp3 P^ Ph pj 

2;jz;w zzzzz 


pj 1^ pj pj pj 

z z; z’ z z 


D pj 

cC 2 < 2 


p) P^ 

02 ’ 2 pu 


^ S S 2 

S 00 N 

P3 Z 2 < 


t, CQ 

O S <U 

S >■ o 

W CP 2 


S ® ^ ^ 
•9 x; o « 


396 



• o 2 t- o .S Si 4). 

> JS C o> £ 3 ^ E 

< -o « >-i -o t, E S . 

^ [III ^ OQ Ou 


pj pj pij pici ci pi pi oi pi pi 

;?z2;:?s5zzz^;z:az 


.j, w 
flj E c aS 


„ r^c^ciJbJ 

C^C^52IiIZJ5Zi2l^^(/2^>2j!Zl 


12; ^ 55 Z5h a ^ ^ Z 2; >h 2; 


u ^ 

(D 47 4747 0^47 47 47 47 47 

C C CC^mC C C C C 

o o oo >o 0 o o o 

2i!z;2iZPZZZZZ 


C P'S 

■g C 6 

2 0 4) <d 

o j: S X 
5 OiT! o 


397 




o 

O 


OS 

< 5 

M B 
M O 
W W 

m s 


H 2 
2 W 
< O 


M 

> 

2 

w S 


1976 

Bright 

SU 

o 

•« 

*3 S 

•w 

(1> *H 

i 

al., 

1977 

1972 

1978 


'O 

2 C<J 

^ c 

fci O Q 

Q) 

«os E 

1 e 

O _ 00 

^ ■c os 

a> 00 

jQ o> 

a> 00 g 
•9 ’’*'2 

ho 

+J o 

<<-» o> A 

0 0 
j: a 
- o-o 

2 g 

•S 

2 « 

C 

o iH -a 

'S B 

S 

K O 

CO 


Ss 


. -s S 

jL. .i. ^ a <“5 
oggcocsod) 


Pj S' to "0 
2 M 


P B. 


'ipj 


W .B 
S N 
M < 


2 b 

O CD 
O > 

Q aj 


3 g 

"S. H 


I .i, ^ ^ » O’ 

MOJ^ 25 b oj.sP 

cn’OCOOtiuicit 


“t 

h Oi 


Jm >h 


?s 

o 

E 

N 


c 

•S-S 


P^PJ 

22 


P; pj 

^ 2 2 


2 P 


L. 03 

o S cj o 

^ H C C 
>*^00 
22 


S E 

« 3 

SgS 


E E 

33 

SS 

e a 


O 2 22 


sn 


398 



^ CO <N 22 -.5 

3 S3 

„ e 6 s g fe " 

t-’o SS’C'S’SSi 

o»5 SSm^ S.S 

g: ^ CH > W 


p3 pipapif^ p?pj S f4 

2 IZKZZ 5Z1Z S Z 


!=i. 

Z cp Pm fi< dT 


pj ^ 

z P z a 


o o o o 

z zz z 


m 0) 0) <u a> 

C3 ^ ^ S S 

o o o o o 

z Z ZZ Z 


E 

o a o g 
o o o g 

O O « +J 

Q QCj Z 


s 5 o 5 

I §-« « 


399 



400 Specialized Cell Culture Techniques 

occuring compound may dilute the effect of the antimetabolite. Over¬ 
production of an amino acid, for example, is commonly a result of 
deregulation of enzymes normally subject to feedback inhibition. Wid- 
holm (1972a) has shown 5-methyltryptophan resistance in N. tabacum 
may arise through resistance of the first enzyme in the tryptophan 
pathway, anthranilate synthetase, to feedback inhibition by tryptophan 
or its analogue 5-methyltryptophan resulting in overproduction of tryp¬ 
tophan. Second, resistance may arise if the antimetabolite is effective¬ 
ly excluded from the cell, e.g., through a mutation effecting membrane 
permeability. Variant cell lines with altered transport have been iso¬ 
lated. Transport variants show resistance to more than one amino 
acid analogue (Berlin and Widholm, 1978a). Third, a compound may be 
detoxified throi^h degradation. Berlin (1980) has shown that para- 
fluorophenylalanine (PFP) can be degraded by phenylalanine ammonia 
lyase. Such a mutation may lead to overproduction of phenolic com¬ 
pounds as was reported in some of Berlin's cell lines (Berlin, 1980). 
Fourth, increased synthesis of secondary metabolites can result in ana¬ 
logue resistant mutants. Increased activity of phenylalanine ammonia 
lyase (PAL, Berlin and VoUmer, 1979) in p-fluorophenylalanine resistant 
(PFP-res) cell lines can result in increased synthesis of phenolic com¬ 
pounds as in N. tabacum (Berlin and Widholm, 1977) and Acer pseudo- 
platonus (Gathercole and Street, 1976, 1978) or polyphenols as in N. 
tabacum (Berlin and Widholm, 1978b). Overproduction of a secondary 
metabolite can interfere with plant regeneration. A thirtyfold increase 
in lAA synthesis in 5-methyltryptophan resistant cell lines of D. carota 
was shown to inhibit embryogenesis (Sung, 1979). 

In only a few instances has resistance to an amino acid analogue or 
amino acid been correlated with specific enzyme activities. In both N. 
tabacum (Widholm, 1972a) and D. carota (Widholm, 1974) resistance to 
5-methyltryptophan has been correlated with a decrease in feedback 
inhibition of tinthranilate synthetase by tryptophan. In Catharanthus 
roseus a 1.5-fold increase in anthranilate synthetase activity and a 
twofold increase in tryptophan synthetase activity were detected in 
lines with resistance to 5-methyltryptophan (Scott et al., 1979). In at 
least one variant ceU line anthranilate synthetase was less sensitive 
than the wild type enzyme to feedback inhibition by tryptophan in cal¬ 
lus initiated from regenerated plants. However, anthranilate synthetase 
isolated from the whole plant was as sensitive to tryptophan as the 
wild type enzyme (Widholm, 1974). This emphasizes the developmental 
problem that cell cultures and the plants regenerated from cells may 
express different isoenzymes and hence respond differently to antimeta¬ 
bolites. Additional enzyme activities have been found to be altered in 
amino acid analogue resistant cell lines. For example, S-aminoethylcys- 
teine resistant cell lines of D, carota have altered aspsurtokinase and 
dihydropicolinic acid synthase activity (Matthews et al., 1980) and 
aspartokinase activity in lysine plus threonine resistant cell lines of 
Zea mays is resistant to feedback inhibition by lysine (Hibberd et al., 
1980). 

In many instances increases of amino acid pools have been reported 
in analogue or amino acid resistant cell lines (see Table 1). These 
increases may have agricultural value. Hibberd et al. (1980) used 
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lysine plus threonine to select for high lysine lines of Zea mays, a crop 
usually deficient in Ij^ine. The methionine sulfoximine resistant 
mutants in N. tabacum isolated by Carlson (1973) overproduced methio¬ 
nine and had increased resistance to Pseudomonas tabaci, the eausitive 
agent of wildfire disease. Increased levels of proline in proline 
analogue resistant mutants (e.g., hydroxyproline resistant Hordeum 
vulgare plants isolated by Keuh and Bright, 1981) may lead to plants 
with increased resistance to water stress. Although proline has been 
Implicated in attracting locusts to drought-stressed, nitrogen-enriched 
plants, proline accumulating plants show no increased pest susceptibility 
(Bright et al., 1982). Hence through use of amino acid analogues and 
amino acids normally toxic to plant cells it may be possible to select 
for economically important characteristics in higher plants which result 
from resistance to naturally occurring amino acids and their analogues. 

Although more 5-methyltryptophan- and p-fluorophenylalanine-resistant 
cell lines have been isolated than lines resistant to any other analogue, 
in no instance has any genetic analysis of these variants been des¬ 
cribed. Indeed, in only three instances has any of these types of vari¬ 
ants been regenerated into plants. While plants regenerated from a 5- 
methyltryptophan-resistant cell lines were sensitive to the analogue 
(Widholm, 1974), cell lines resistant to PFP in D. imoxia (Evans and 
Gamborg, 1979) and N. tabacum (Flick et al., 1981) regenerated plants 
in the presence of PFP. 

A limited amount of genetic analysis of amino acid- or analogue- 
resistant mutants isolated in vitro has been reported. Glycine hydro- 
xamate resistance was shown to behave as a dominant Mendelian trait 
in N. tcbacum (Lawyer et al., 1980). Resistance to isonicotinic acid 
hydrazide (an inhibitor of the conversion of glycine to serine) in N. 
tabacum was also a dominant mutation (Berlyn, 1980). Valine resist¬ 
ance in N. tabacum is inherited as either a single dominant or semi¬ 
dominant nuclear allele (Bourgin, 1978). In Zea mays resistance to 
lysine plus threonine is attributed to a single dominant nuclear allele 
(Hibberd and Green, 1982). Of the methionine sulfoximine-rcsistant cell 
lines isolated by Carlson, two are semidominant nuclear mutations and 
one is due to two recessive nuclear alleles (Carlson et al., 1973). As 
one would expect for mutants isolated by direct positive selection, 
most of these resistance mutations are determined by dominant or semi¬ 
dominant alleles. 

Whereas most amino acid- and analogue-resistant cell lines have been 
isolated from ceU suspension cultures, callus, or protoplasts, a novel 
technique for mutant isolation has been devised in Hordeum vulgare 
(barley) by Bright et al. (1979). Seeds were mutagenized with azide, 
planted, and grown to maturity. Embryos were excised from harvested 
seeds and cultured on hormone free Murashige and Skoog medium (MS, 
Murashige and Skoog, 1962). At this stage selection may be made for 
resistance to antimetabolites. Plants resistant to S-aminoethylcysteine 
(Bright et al., 1979), lysine plus threonine (Bright et al., 1979), and 
hydroxyproline (Kueh and Bright, 1981) have been isolated. This 
screening system for variants requires plant growth; hence genetic 
analysis of variants is possible. Recessive (S-aminoethylcysteine resis¬ 
tant, Bright et al., 1979), semidominant (hy^oxyproline resistant, Keuh 
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and Bright, 1981), and dominant (lysine plus threonine resistant, Bright 
et al., 1979) mutations have all been identified. In addition, hydroxy- 
proline-resistant plants overproduce methionine, lysine, and threonine 
(Bright et al., 1979). Thus through a combination of conventional and 
in vitro culture techniques mutants with potential for crop improvement 
have been isolated. 


Purine and Pyrimidine Analogues 

Resistance to a number of purine and pyrimidine analogues has been 
reported in hi^er plants. Mutations of this nature have been exten¬ 
sively studied and used to identify somatic hybrids in animal cells, and 
thus their potential for use in higher plants has been explored. Bio¬ 
chemical or genetic analysis of purine- and pyrimidine analogue resis¬ 
tant mutants has been accomplished in a very limited number of eases. 

Resistance to bromodeoxyuridine (BUdR, a thymidine analogue) has 
been most extensively studied. In Glycine max feoybean) BUdR resist¬ 
ance is a result of overproduction of deoxythymidilate monophosphate 
(Ohyama, 1974, 1976). This BUdR-resistant mutant is also resistant to 
fluorodeoxyuridlne as well as aminopterin. As soybean does not regen¬ 
erate from callus cultures, no genetic analysis was possible. However, 
in N. tabacum resistance to BUdR has been determined to be inherited 
as a dominant nuclear gene (Marton and Maliga, 1975), but no 
biochemical anal^is has been reported. This cell line, however, was 
found to not be cytokinin habituated (Kandra and Maliga, 1977). BUdR- 
resistant cell lines have also been isolated in Medicago sativa (alfalfa) 
(Lo Schiavo et al., 1980). In some of these mutants thymidine, but not 
BUdR, could be incorporated into DNA. BUdR-resistant mutants were 
tested for growth in HAT (hypoxanthine, aminopterin, thymidine) medi¬ 
um, as described for animal cells (Lo Schiavo et al., 1980). Aminopter¬ 
in inhibits folate reductase and hence inhibits purine and pyrimidine 
synthesis. Only cells that can incorporate exogenous hypoxanthine and 
thymidine into DNA (e.g., wild type cells) survive in HAT medium. 
Cells resistant to purine or pyrimidine analogues may not be able to 
incorporate exogenous hypoxanthine and thymidine and hence die in 
HAT medium. Five of seven BUdR-resistant cell lines and two of four 
azaguanine-resistant cell lines of M. sativa fail to grow in HAT 
medium. The HAT system is used extensively in animal cell culture to 
select for somatic hybrids based on complementation of analogue-resist¬ 
ant cell lines, i.e., only hybrids are able to incorporate both exogenous 
hypoxanthine and thymidine into DNA and survive. Based on results 
obtained in M. sativa, HAT selection may be useful in protoplast fusion 
experiments with higher plant cells. 

Variants have been selected that are resistant to numerous other 
purine and pyrimidine analogues (Table 2). Cell lines of Hapiopappus 
gracilis resistant to 8-azaguanine show a 30SK reduction in hypoxanthine 
phosphoribosyltransferase (HPRTase) activity (Horsch and Jones, 1978), 
whereas 8-azaguanine-resistant mutants of Acer pseudoplatamis have a 
50^ reduction in HPRTase activity. Aminopterin resistance in two cell 
lines of Zea mays is due to increased dihydrofolate reductase activity, 
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whereas in a third cell line increased resistance of the enzyme to 
aminopterin is observed (Shimamoto and Nelson, 1981). Only one 
mutant other than the BUdR-resistant line described above (Marton and 
Maliga, 1975) has been genetically analyzed. Chaleff (1981) selected 
cell lines of N. tabacum resistant to hydroxyurea which inhibits 
ribonucleotide reductase in animal cells and microorganisms. These 
mutants behaved as dominant nuclear alleles (Chaleff, 1981). In at 
least one instance an allele for hydroxyurea resistance was found to be 
tightly linked to a previously isolated allele for picloram resistance 
(Chaleff and KeU, 1981). Indeed, a large proportion of Chaleffs 
picloram-resistant mutants are also hydroxyurea resistant, indicating 
either a single gene involved in both resistances or enhancement of 
picloram resistance by hydroxyurea resistance (Chaleff and Keii, 1981). 
Picloram is probably not a mutagen, as it does not increase reversion 
of mutations in Sacchoromyces cerevisiae (Chaleff and Keil, 1981). In 
addition, the recovery of hydroxyurea resistance in so many picloram- 
resistant mutants indicates that there must have been some selective 
pressure (Chaleff and Keil, 1981). This is the only reported instance of 
seemingly unrelated mutant genotypes arising simultaneously in a 
selected cell line of higher plants. 


Antibiotic Resistance 

Antibiotic-resistant cell lines of higher plants have been more exten¬ 
sively analyzed than any other mutants isolated in vitro in higher 
plants, especiaRy those cell lines of N. tabacum isolated and character¬ 
ized by Maliga et al. (1973, 1977). Many antibiotics, e.g,, streptomy¬ 
cin, kanamycin, and chloramphenicol, capitalize on differences in the 
physical structure of the translational machinery in prokaryotes and 
eukaryotes. Streptomycin and kanamycin, for example, are active on 
the prokaryotic 70S ribosome. The 70S ribosomes are only found in the 
mitochondria or chloroplasts in eukaryotes. Hence resistance to these 
compounds in eukaryotes may be inherited as a cytoplasmic trait. The 
isolation of streptomycin-resistant cell lines in N. tabacum was first 
reported by Maliga et al. (1973). As streptomycin causes bleaching of 
shoots regenerating from callus, resistant cell lines were isolated as 
green areas in regenerating callus. The streptomycin-resistant mutant 
SRI has been analyzed genetically and biochemically. As expected, 
SRI is inherited as a cytoplasmic gene, i.e., maternal inheritance 
(Maliga et al., 1975). Whereas streptomycin causes physical abnormali¬ 
ties in chloroplasts and mitochondria in sensitive cells, electron micro¬ 
graphs showed no effects of streptomycin on these organelles in SRI 
(Maliga et al., 1975). Streptomycin is, however, taken up by these 
cells (Maliga et al., 1975). Two-dimensional electrophoresis of ehloro- 
plast ribosomal proteins in SRI and streptomycin-sensitive cells indi¬ 
cates an alteration in the electrophoretic mobility of one ribosomal 
protein in SRI relative to the proteins from sensitive cells (Yurina et 
1978). The cytoplasmic basis of this mutation was further demon¬ 
strated by the correlation of streptomycin resistance with ehloroplast 
transfer from N. tabacum SRI to N. knightiana via protoplast fusion 
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(Menezel et al., 1981). In addition, the transfer of cytoplasmic 
streptomycin resistance from N. tabaciun to N. sylvestris via protoplast 
fusion without creating a nuclear hybrid was demonstrated (Medgyesy et 
al., 1980). Tlius in the instance of SRI a single gene mutation has 
been linked with changes in a single protein in the chloroplast. A 
similar streptomycin-resistant mutant was isolated by Umiel et al. 
(1978), This mutation is cytoplasmieally inherited, and as SRI, plastids 
in the streptomycin-resistant ceU line are normal in the presence of 
streptomycin, whereas plastids in sensitive cells are abnormal. 

Resistance to streptomycin may also be inherited as a Mendelian 
trait. Streptomycin resistance in a cell line isolated from haploid N, 
sylvestris, SR 180, is inherited as a recessive nuclear allele (Maliga, 
1981). A second streptomycin-resistant cell line of N. sylvestris 
(SR155) is sterile but not aneuploid. Analysis of the karyotype of this 
cell line indicates a possible translocation (Maliga et al., 1979). 

Cross resistance between antibiotics is also possible. A kanamycin- 
resistant cell line of N. sylvestris (KR103) is resistant to streptomycin 
as well as neomycin (Dix, 1981b). Maliga's SRI cell line, however, is 
sensitive to kanamycin. Two kanamycin-resistant cell lines of N. taiba- 
cum isolated by Owens (1981) are more resistant to streptomycin than 
to kanamycin. These plants are partially sterile, and erratic segrega¬ 
tion data makes genetic analysis difficult. 

Several attempts have been made to isolate eycloheximide-resistant 
mutants in higher plants. Resistance is lost in N. tabacum when callus 
is subcultured in the absence of cycloheximide (Maliga et al., 1976). 
Gresshoff (1979) observed a similar instability of cycloheximide resis¬ 
tance in D. carota. Sung et al. (1981) have shown that wild type 
embryos and plantlets of D. carota can detoxify cycloheximide. How¬ 
ever, a stable eycloheximide-resistant callus culture (WCH105) was iso¬ 
lated. Plantlets regenerated from WCH105 are green, but they do not 
produce normal dissected leaves (Lazar et al., 1981). This cyelohexi- 
mide-resistant cell line was analyzed by somatic hybridization. Al¬ 
though the chromosome number in somatic hybrids is as expected (2n = 
36) callus initiated from somatic hybrids between cycloheximide sensi¬ 
tive and resistant cell lines is sensitive, indicating that cycloheximide 
resistance behaves as a recessive character (Lazar et al., 1981). Re¬ 
ports of resistance to several other antibiotics, e.g., nystasin, ampho¬ 
tericin B, and chloramphenicol, are listed in Table 3. 


Nitrogen Metabolism 

Nitrogen metabolism involves several steps in higher plants. (1) Ni¬ 
trate must be taken into the cell, presumably mediated by a permease 
enzyme. (2) Nitrate is reduced to nitrite via nitrate reductase. (3) 
Nitrite reductase mediates the conversion of nitrite to ammonium. (4) 
Finally, ammonium is combined with glutamate to yield glutamine, cata¬ 
lyzed by glutamine synthetase. Mutants have been isolated in vitro 
that affect the first two steps. 

When cell cultures of N. tabacum are grown on nitrate, certain 
amino acids or combinations of amino acids inhibit cell growth by 
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inhibiting the uptake of nitrate. Heimer and Filner (1970) isolated a 
cell line of N. tabacum (XDR-thr) that is resistant to threonine inhibi¬ 
tion when grown on nitrate. The parent cell line is sensitive to threo¬ 
nine unless grown on nitrate-free culture medium, e.g., urea. The cell 
line is resistant to amino acids other than threonine that normally 
inhibit cell growth in nitrate medium, e.g., glycine, histidine, leucine, 
methionine, and valine (Heimer and Filner, 1970). Induction of nitrate 
reductase and nitrite reductase is inhibited by casein hydrolysate in XD 
or XDR-thr cells, indicating that the mutation does not affect either of 
these enzymes (Heimer and Filner, 1970). Since uptake of nitrate is 
not inhibited by threonine in the XDR-thr cell line, an alteration in 
the regulation of nitrate uptake must be the effect of the XDR-thr 
mutation. Unfortunately, no genetic analysis of the cell line has been 
reported. 

Nitrate reductase has been extensively studied in N. tabacum through 
the use of mutants isolated in vitro (see Fig. 2). Nitrate reductase is 
a multisubunit enzyme that catalyzes the NADH-dependent reduction of 
nitrate to nitrite. In addition, FADH 2 or reduced benzyl viologen dye 
can be used as electron donors. These activities aU depend on the 
presence of the molybdenum cofaetor. In the absence of the cofactor 
the enzyme only has cytochrome c reductase activity. 

In the absence of nitrate reductase activity chlorate is not con¬ 
verted to toxic chlorite; hence nitrate reductase deficient cell lines 
are chlorate resistant. Chlorate resistance has been used to select 
nitrate reductase deficient cell lines from haploid N. tabacum (Mendel 
and Muller, 1976; Muller and Grafe, 1978), Of nine original chlorate- 
resistant cell lines, one class, designated cnx, is also deficient in 
xanthine dehydrogenase. As nitrate reductase and xanthine dehydro- 



Cytochrome-C Nitrate Xanthine 

Reductase Reductase Dehydrogenase 


Figure 2. Genetic basis of nitrate reductase activity: (1) mutations in 
the nia allele inactivate the nitrate reductase apoprotein. (2) Muta¬ 
tions in the cnx allele inactivate the molybdenum cofactor necessary 
for both nitrate reductase and xanthine dehydrogenase activities. 
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genase use the same molybdenum cofactor, the enx allele is believed to 
affect the molybdenum cofactor, but not the nitrate reductase apopro¬ 
tein. Indeed, enx lines of N. tabacum cannot complement a molybden¬ 
um cofactor deficient Neurospora crassa mutant (nit-1) in vitro to 
restore nitrate reductase activity, although wild type N. tabacum does 
complement the nit-1 mutant of Neurospora (Mendel et al., 1981). Pai- 
tial nitrate reductase activity has been restored to enx lines by 
addition of 1-10 mM molybdenum (Mendel et al., 1981). The enx eeU 
lines do have cytochrome c reductase activity, the molybdenum cofac¬ 
tor independent activity of nitrate reductase. 

Other nitrate reductase mutants, designated nia, lack nitrate and 
cytochrome e reductase activities, but they do have xanthine dehydro¬ 
genase activity, indicating that the mutation affects the apoprotein 
(Mendel and Muller, 1979). In contrast to enx eeU lines of N. 
tabacum, crude extracts from nia ceU lines can complement the N. 
crassa nit-1 mutant in vitro to restore nitrate reductase activity 
(Mendel et al., 1981), Further evidence has substantiated the premise 
that nia and enx affect different subunits of nitrate reductase. For 
example, enx and nia lines complement in vitro in crude extracts to 
restore nitrate reductase activity (Mendel and MuUer, 1978), and 
hybrids produced by protoplast fusion between enx and nia ceU lines 
grow on nitrate. In vivo complementation implies that both enx and 
nia mutations are recessive. Although most enx and nia ceU Unes do 
not regenerate, shoots were produced from enx + nia hybrids. Only 
leaky nia mutants (with reduced levels of FADH 2 and viologen dye 
dependent nitrate reductase activity but no NADH dependent activity) 
have regenerated shoots (MuUer and Grafe, 1978). 

Nitrate reductase deficient ceU lines have been isolated in vitro in 
two additional species. King and Khanna (1980) selected nitrate reduc¬ 
tase mutants as chlorate resistant in haploid Datura innoxia. The eeU 
lines were shown to take up nitrate, but were deficient in nitrate 
reductase. Murphy and Imbrie (1981) selected chlorate-resistant strains 
of Rosa damascena. Of these ceU lines, 15% faU to grow on nitrate, 
indicating a possible nitrate reductase deficiency. The remainder of 
these ceU Unes appear to have gained chlorate resistance through 
other means. Strauss et al. (1981) while screening for auxotrophs of 
haploid Hyoscyamus muticus discovered cell lines that depended on 
casein hydrolysate for growth. These mutants were subsequently dis¬ 
covered to be chlorate resistant and to lack in vivo nitrate reductase 
activity (Strauss et al., 1981). 


AgriculturaUy Useful Phenotypes 

Various phenotypes have been selected in ceU cultures of higher 
plants that may have direct appUcation in agriculture. Some of these 
phenotypes have been covered elsewhere in this chapter. For example, 
methionine sulfoximine-resistant ceU lines of N. tabacum show increased 
resistance to wUdfire disease (Pseudomonas tabaci), and lysine plus 
threonine resistant Unes of Zea mays are potentiaUy valuable in breed¬ 
ing high lysine Unes of maize. Most agrieulturaUy useful phenotypes 
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have been selected for resistance to herbicides, pathotoxins and/or 
diseases, NaCl tolerance, or cold tolerance. Herbicide resistance is 
discussed elsewhere in this volume (see Chapter 12). Nabors U976) re¬ 
viewed the use of mutants to obtain agriculturally useful plants. 

Selection for pathotoxin resistance in vitro promises immediate re¬ 
sults for isolation of agriculturaUy valuable plants. Behnke (1979) iso¬ 
lated Phytophthara tnfestans toxin-resistant eeU lines of Solanum tuber¬ 
osum (potato). Regenerated plants as weU as eaUus initiated from 
these plants were resistant to the toxin. Subsequently Behnke (1980a) 
showed that toxin-resistant plants are 25% more resistant to the late 
bUght caused by P. infestcais than parental lines. A genetic basis for 
this resistance has not been established, as S. tuberosum is commercial¬ 
ly asexually propagated. 

Plants have been regenerated from H. maydis race T toxin-resistant 
ceU lines of Zea mays. Most of these plants (52/65) that retain resist¬ 
ance to the toxin have also reverted to male fertility. The remaining 
13 plants are useful male steriles, but not of the cms-T type as the 

t^ent line. Thus resistance to the pathotoxin has only occurred 

through modification of the cms-T genes. Genetic analysis of these 

toxm-resistant plants indicates that pathotoxin resistance and male fer¬ 

tility are both cytoplasmically inherited. 

Numerous instances of in vitro selection of NaCl-tolerant ceU lines 
have been reported (see Table 4). In several of these reports plants 
have been regenerated. Sexual transmission of the NaCl-tolerance was 
reported in N. tabacum (Nabors et al., 1980), but segregation frequen¬ 
cies were not as expected. Regenerated plants and caRus initiated 
ITom regenerated plants of NaCl-tolerant cell lines of D. innoxia were 
resistMt to NaCl (Tyagi et al., 1981). In addition, plants of Kickxia 
ramosisslma are resistant to NaCl up to 120mM (Mathur et al., 1980). 
As shown in Table 4, NaCl-tolerant cell lines have also been isolated 
in N. sylvestris, Ccpsicum anmum (Dix and Street, 1975; Dix and 
Pewee, 1981), Medicago sativa and Oryza sativa (Rains et al., 1979). 

CeU lines with increased cold tolerance have been isolated in N. syl- 
wstris (Dix and Street, 1975; Dix, 1977) and D. coroto (Templeton- 
:»mers et al., 1981). Although plants were regenerated from three 
lines of N. sylvestris with a low level of cold tolerance (Dix, 1977), 
1100,1 transmitted sexually. Templeton-Somers et al. 

1 t reported that although cold-tolerant caUus of D. coroto was iso¬ 
lated, this trait was not expressed in embryos. TTiis instance empha¬ 
sizes the fwoblem that not all traits selected in unorganized caUus cul¬ 
tures will be expressed in the organized differentiated plant. 


Auxotrophs 

AuTOtrophs have only rarely been isolated in vitro in higher plants, 
lyploidy and aneuploidy in culture have made the isolation of reees- 
ve mutants almost impossible. In microorganisms and animal eeUs 
auxotrophs have helped elucidate biochemical pathways and are invalu- 
nie ftr selection of somatic hyteids by complementation as well as for 
unsformation of cells with naked or liposome encapsulated DNA. Un- 





412 





413 




414 


plants. 



Isolation of Mutants from Cell Cultures 


415 


til a collection of auKotrophic mutants is available in higher plants, 
these areas of research will lag far behind animal cell culture. 

In contrast to other groups of mutants isolated in vitro, two features 
of the isolation procedures are always constant. First, haploids have 
been used in every instance. Most auxotrophic mutants are recessive 
and would not be detected in organisms of diploid or higher ploidy. As 
plant cell cultures are frequently unstable in chromosome number, the 
requirement for haploid cells is limiting, i.e., ceU cultures initiated 
from haploid plant material may attain higher ploidies after brief peri¬ 
ods of time in ceU culture. Second, in aU but one instance either a 
physical, e.g., gamma irradiation, or chemical, e.g., EMS or NG, muta¬ 
gen has been used. In positive selection for resistance to antimetabo¬ 
lites the use of mutagens is unnecessary, as mutants can be isolated 
with or without mutagens. Only temperature-sensitive (ts) mutants iso¬ 
lated in N. tabacum were obtained without a mutagen (Malmberg, 
1979). However, a BUdR enrichment was used, and BUdR itself may be 
mutagenic. Third, aU mutants have been isolated from species of the 
Solanaceae. This is probably due to the amenability of solanaceous 
species to aU aspects of tissue culture from anther to protoplast 
culture. 

The first auxotrophs were reported in haploid N. tabacum by Carlson 
(1970). As N. tabacum is an amphidiploid, it is not surprising that 
these mutants are leaky. A positive selection scheme designed by Puck 
and Kao (1967) for mammalian cell cultures and previoisly used suc¬ 
cessfully with ferns by Carlson (1969) was used to select auxotrophs. 
After mutagenesis, cells were cultured in minimal medium so that cells 
with nutritional deficiencies would not grow. Bromodeoxyuridine, a 
thymidine analogue, was added, and the cultures were placed in the 
dark. BUdR is only incorporated into the DNA of actively growing 
cells. Because BUdR makes DNA light sensitive, when the culture is 
transferred to light photolysis of BUdR causes extensive damage to the 
DNA of cells that grew in minimal medium. Auxotrophic cells do not 
incorporate BUdR, and hence are not light sensitive. Surviving cells 
were then transferred to enriched culture medium and the mutant cells 
proliferated. With this enrichment scheme, Carlson isolated six auxo¬ 
trophs that require biotin, paraaminobenzoic acid, arginine, hypoxan- 
thine, lysine, and proline (Carlson, 1970). Plants were successfully 
regenerated from all but the proline auxotroph. Genetic analysis of 
these mutants showed that the biotin, paraaminobenzoic acid, and 
arginine auxotrophs resulted from changes in single recessive nuclear 
alleles, i.e., 3:1 segregation of dominants and reeessives in the Fj gen¬ 
eration (Chaleff, 1981). The hypoxanthine auxotroph was more complex 
in that it resulted from mutations in two recessive nuclear alleles, i.e., 
a segregation ratio of 9:6:1 (dominant:heterozygous:recessive) (Chaleff, 
i981). Althoiigh plants were regenerated from a lysine auxotroph and 
plant growth was shown to be improved by addition of lysine (Carlson 
et al., 1973), no genetic analysis has been reported. The sixth auxo¬ 
troph, a proline auxotroph, was apparently never regenerated or ana¬ 
lyzed. 

An identical BUdR selection was used by Malmberg (1979, 1980) to 
isolate temperature-sensitive (ts) mutants of haploid N. tabacum. One 
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such mutant (ts 4) has been biochemically analyzed. The mutation is 
pleiotropic and decreases activities of ornithine decarboxylase, S-adeno- 
sylmethionine decarboxylase, and nitrate reductase, but it increases 
activity of phenylalanine ammonia lyase. The ts 4 mutant also has a 
decreased level of chlorophyll. A second site revertant of ts 4 (Rt 1) 
was isolated and has normal levels of ornithine decarboxylase and 
chlorophyll (Malmberg, 1980). 

Two auxotrophs were isolated from a stable haploid cell suspension 
culture of Datura iimoxia. No selection scheme was used. A large 
collection of cells were screened for nutritional requirements. One 
mutant requires pantothenate (Savage et al., 1979), whereas the other 
requires adenine (King et al., 1980). The pantothenate-requiring auxo- 
troph failed to regenerate plants under conditions in which wild-type 
callus regenerates (Savage et al., 1979). Neither auxotroph can be 
cross fed required nutrients by wild-type cells, an essential factor for 
designing new selection schemes. No genetic or biochemical analysis of 
these cell lines has been reported. 

Several auxotrophs have been isolated from haploid protoplasts of 
Hyoscyamus muticus (Gebhardt et al,, 1981), As with Datura imoxia, 
there was no enrichment method for auxotrophs, but large numbers of 
calli were analyzed for nutritional requirements. Histidine, nicotin¬ 
amide, and an undefined temperature-sensitive auxotroph have been 
regenerated into plants, but not yet analyzed. A tryptophan auxotroph 
did not regenerate. A nitrate reductase mutant, dependent on casein 
hydrolysate for growth, was isolated while screening for auxotrophs (see 
discussion above). 

Two auxotrophs have been isolated from gamma-irradiated protoplasts 
isolated from leaf mesophyll of haploid N. plumbaginifolia (Sidorov et 
al., 1981). As with D. innoxia and H. muticus, there was no method of 
enrichment. One cell line is deficient in threonine deaminase, the first 
enzyme in the isoleucine pathway of biosynthesis. Plants have been 
regenerated from the isoleucine auxotroph, but genetic analysis has not 
yet been reported. A imacil auxotroph was also isolated, but it has 
neither been analyzed nor regenerated (Sidorov et al., 1981). 

Only one report of failure to obtain auxotrophs has been published 
(Aviv and Galun, 1977b). As is evident from Table 5, auxotrophs have 
only been isolated from haploids. Although the FUdR enrichment 
scheme proposed by Aviv and Galun (1977b) is effective in animal cell 
cultures and should be equally effective as the BUdR enrichment used 
by Carlson (1969, 1970) and Malmberg (1979), Aviv and Galun used di¬ 
ploid tobacco. As N. tabacum is an amphidiploid, the ploidy of somatic 
tissue may ja-esent insurmountable difficulties for auxotroph isolation. 
It is quite apparent from those published reports of auxotroph isolation 
that haploid cell lines and mutagenesis are necessary. Present empha¬ 
sis should be directed as did Aviv and Galun (1977b) to alternate 
methods for enrichment of auxotrophs. 


Miscellaneous 

Many other mutants have been isolated using in vitro cultures (s^e 
Table 6). These phenotypes have involved carbohydrate metabolism. 
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growth regulators, and others. Only one of these mutants was genetic- 
aUy characterized, A line of N. tabacum able to utilize glycerol as a 
carbon source (Gut) was reported by Chaleff and Parsons (1978b). Pre¬ 
liminary genetic analysis indicated that the mutation was inherited as a 
dominant nuclear allele. As the Gut phenotype is not expressed in the 
regenerated plant, progeny analysis required initiation of callus from 
each seedling. The Gut mutation seemed to be inherited in a 2:1 ratio 
rather than the 3:1 ratio which would be expected for a dominant 
mutation. However, a 2:1 ratio is expected if Gut/Gut is lethal. Seed 
germination from self-fertilized Gut/+ is lower than from the Gut/ 
+ X +/+ backcross, as would be expected if Gut/Gut is lethal. Further 
genetic analysis is necessary to establish the genetic base of this 
mutant. 

Plants have been regenerated from various other eeU lines. The 
2,4-I>-resistant Lotus corniculatus plants were more resistant to 2,4-D 
than the parent eeU line, but not as resistant as some available vari¬ 
eties (Swanson and Tomes, 1980). Polacco and Polacco (1977) regener¬ 
ated plants from a fungieide^resistant cell line (car-1) of N. tabacum in 
the presence of carboxin. Although carboxin inhibits mitochondrial 
succinic dehydrogenase in N. tabacum, the enzyme is equally sensitive 
to carboxin in car-1 (Polacco and Polacco, 1977). Other cell lines iso¬ 
lated in vitro and listed in Table 6 have not been well characterized. 


PROTOCOLS 

Selection of Starting Material 

The selection of plant cell material from which to isolate mutants 
may determine the success or failure of in vitro mutant isolation. In 
some cases the initial cell culture is determined by the nature and aim 
of the selection, e.g., resistance to Helminthosporium maydis race T 
toxin is only practical in Zea mays T-cms cell lines. On the other 
hand, the choice of species is often a matter of convenience, i.e., a 
species is chosen because it is amenable to the desired selection, or 
because it is readily available in ceU culture. In some cases the full 
potential of a selection scheme has not been realized because of in¬ 
appropriate parental ceU lines. 

Several features of the initial plant ceU material are crucial. If the 
(went eeU line cannot regenerate plants, then the variant cell lines 
will likely not regenerate, and genetic analysis as weU as biochemical 
analysis of plants are impossible. Hence in species such as N. tabacum 
for which ceU lines with high regenerative capacity are available, ceU 
lines that do not regenerate or regenerate poorly should be avoided. 
In addition, as eeU lines with stable chromosome number are possible, 
aneuploid ceU lines should be avoided, because aneuploidy can compli¬ 
cate or make impossible genetic and biochemical analysis. When the 
parent ceU line is chosen only for convenience, a ehromosomaUy stable 
regenerating eeU population shoiUd be used. Such precautions may lead 
to regeneration of shoots from mutants that have not been previously 
regenerated, e.g,, p-fluorophenylalanine-resistant eeU lines of N, taba- 
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cum regenerated shoots (Flick et al., 1981). Chromosome stability and 
regenerative capacity are especially important if the cell line is to be 
used for selection of somatic hybrids. Deficiencies in either of these 
attributes can cause failure to produce hybrid plants or production of 
somatic hybrid plants that cannot be genetically analyzed or even 
maintained through sexual generations. 

The use of haploid or diploid or higher ploidy cell lines must be con¬ 
sidered when selecting a parent cell line. As indicated in the above 
discussion of auxotrophic cell lines, haploid cell lines are essential for 
identification of any recessive mutations. However, the chromosome 
stability of the haploid may affect the usefulness of a cell line. Hap- 
loids have been historically unstable in in vitro culture. For example, 
although N. sylvestris haploids are readily obtained and maintained in 
plants, polyploidy quickly results in cell cultures. In such an instance 
the use of a "haploid" cell line is really no better than a diploid cell 
line. A stable haploid cell line has only been reported in Datura 
imoxia (Evans and Gamborg, 1979), and this cell line has been used 
successfully to isolate auxotrophic mutants (e.g., Savage et al., 1979). 
Although haploid cell lines of N. tabacum have been used for isolation 
of auxotropfe (Carlson, 1970), it should be recalled that N. tabacum is 
an allotetraploid, and hence plants obtained through anther culture are 
not true haploids. As would be expected, this led to the isolation of 
leaky auxotrophs by Carlson (1970). 

The use of haploid cell lines is probably unnecessary for the isolation 
of dominant mutations, e.g., stable mutations for resistance to most 
antimetabolites are possible in diploid cell lines, as has been docu¬ 
mented repeatedly (see References). As cell cultures with ploidy level 
greater than haploid may be more stable in vitro, it is equally advan¬ 
tageous to use these cell lines whenever practical. Regeneration of 
diploid rather than haploid plants is desirable for genetic analysis. 
Regeneration of diploid plants from haploid cell cultures is not unusual, 
however. For genetic as well as biochemical analysis of mutants iso¬ 
lated from diploid or higher ploidy eeU lines, it must be remembered 
that the variants isolated in vitro are heterozygous and will segregate 
in the Rj generation. 

The ^owth rate of the parental cell line can influence the success 
of in vitro mutant isolation. Some anti metabolites may have a short 
half-life in culture medium. If the cells involved also grow slowly, the 
anti metabolite may decay before sensitive cells die. Hence sensitive 
variants may survive under nonpermissive conditions. Cells growing 
slowly are also more prone to changes in chromosome number or struc¬ 
ture. These changes may make plant regeneration more difficult or im¬ 
possible, especially if aneuploids have accumulated in the culture. 
Even if plant regeneration is not desired, aneuploidy can complicate 
interpretation of biochemical ansdysis because of gene dosage effects. 
These problems are further complicated if selection is done directly in 
a suspension culture rather than by plating on solid culture medium 
(discussed below). Suspension cultures on 3-4 day subculture regimes 
and protoplasts isolated &om such suspensions are ideal. These cul¬ 
tures, such as the Su/Su culture of N. tabacum (Gamborg et al., 1979), 
retain regenerative ability and chromosome stability over several years. 
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This cell culture, however, is limited in its usefulness, as it is an 
albino cell line and N. tabacum is allotetraploid. 


Cell Source 

A variety of cell sources may be used for in vitro isolation of mu¬ 
tants. Callus growing on solid culture medium will not be considered 
as a viable cell source for the following reasons; (1) Tlie cells grow 
more slowly than suspension cultured cells. (2) Cells are not uniformly 
exposed to any selective agent included in the agar medium, i.e., cells 
growing closer to the agar surface will be exposed to higher concen¬ 
trations of selective agent. (3) Cells are growing in large aggregates. 
Hence cells resistant to an antimetabolite may not be able to grow if 
surrounded by large numbers of sensitive cells that are not growing. 
(4) Finally, uniform application of either physical or chemical mutagens 
is not possible in callus cultures. Most of these limitations are due to 
cells growing in large aggregates. 

The two most commonly used cell sources for mutant isolation are 
suspension cultures and protoplasts. Protoplasts are more versatile, in 
that cells can be directly isolated from plants, i.e., usually leaf meso- 
idiyll cells, or from suspension cultures. In either case a population of 
single cells is available. This results in uniform mutagenesis as well as 
application of selective agents. Cell colonies and regenerated plants 
result from single cells and hence should not be chimeric. 
Unfortunately, techniques of protoplast isolation and culture are not 
available in aU species. In some species suspension cultures may be 
initiated and maintained, but j^otoplasts do not divide and proliferate 
or plating efficiencies of protoplasts are low. Isolation of very large 
quantities of protoplasts for mutant isolation may prove very costly. 
Protoplasts, therefore, are not always the ideal cell source. 

Suspension cultured cells have been most commonly used for mutant 
isolation. Rapidly growing cell suspensions (at most 3-4 days between 
subcultures) can be manipulated similar to microorganisms. The most 
common problem is the size of cell aggregates in a suspension culture. 
Lwge cell clumps may present the same problems as are encountered 
with callus. However, large cell clumps may be removed from suspen¬ 
sion cultures by filtration. (The Cellector tissue sieve available from 
Belleo Glass Co., Vineland, NJ, is convenient for filtration of plant 
cells.) Cell size will affect the filter size used; a 200-400 micron 
filter is useful for most plant species. Cell aggregates with up to 30 
cells can be plated and will readily grow into large cell colonies. 
Under appropriate selective conditions it is possible to isolate single 
colonies with increased resistance to an antimetabolite. As each colo¬ 
ny may have arisen from a group of cells rather than a single cell, a 
single eeU isolation, i.e., protoplasts, may be advantageous to isolate a 
pure eeU line. 

Mutants have been isolated in vitro directly in suspension cultures 
(e.g., Widholm, 1972a; King and Khanna, 1980) as weU as by plating 
cells on solid culture medium containing the selective agent (e.g., Flick 
al., 1981). Numerous problems may be encountered when selecting 
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directly in suspension cultures. (1) Because most cells will be sensitive 
to an antimetabolite, survivii^ cells will be cultured in a medium en¬ 
riched by dead cells and any toxic products released by them. In solid 
agar medium diffusion of toxic products and effects of dead cells are 
reduced. (2) Individual colonies cannot be selected in a single cultured 
vessel, i.e., flask, in suspension cultures, since cell aggregates are 
constantly breaking apart. On solid medium more than one cell colony 
can be selected from a single culture vessel, i.e., petri plate, because 
growth on solid culture medium confines the dispersal of cells released 
from aggregates to the individual colony. (3) If cross feeding effects 
are important in survival of sensitive cells, then this effect will be 
greater in suspension cultures than on solid medium because of greater 
diffusion. Hence many sensitive cells may survive along with resistant 
cells in suspension cultures. (4) Slow growth in suspension cultures as 
when selecting for resistance to an antimetabolite may increase the 
probability of selecting aneuploid ceUs. As described above, aneuploidy 
may affect regenerative ability and complicate genetic analysis. (5) 
Removal of large eeU clumps from suspensions is more difficult if the 
cells are to be returned to suspension cultures. Small cell aggregates 
seem to survive better when plated on solid medium than when trans¬ 
ferred to liquid culture (Flick, unpublished). (6) Finally, the physical 
complications of handling large numbers of suspension cultures versus 
large numbers of petri plates must be considered. As the suspensions 
must be maintained shaking, a large investment in equipment is re¬ 
quired. Overall, the advantages of plating on solid culture medium 
over direct selection in suspension culture seem obvious. 

Mutations identified in c^us, protoplasts, or suspension cultures may 
not be expressed in regenerated plants. For example, cell lines resist¬ 
ant to 5-methyltryptophan in suspension cultures regenerate plants sen¬ 
sitive to the analogue. Callus initiated from these plants is resistant 
to 5-methyltryptophan (Widholm, 1974). On the other hand, carrot em¬ 
bryos and plantlets are resistant to cycloheximide, but callus cultures 
are sensitive. Hence it is difficult to distinguish the regenerated 
mutant plant from wild type plants (Sung et al., 1981). The absence of 
the selected phenotype in regenerated plants may be unacceptable, 
especially for traits that were selected for agricultural usefulness. 

Some phenotypes may not be apparent in callus culture, but only in 
plants. For example, as callus, suspension, and protoplast cultures are 
not active photosynthetically, it is not possible to select mutants in¬ 
volving photosynthesis. For example, although callus of D. ccrota is 
resistant to the herbicide metribuzin, embryos and plantlets are sensi¬ 
tive (Templeton-Sorcers et al., 1981). In this instance a novel selec¬ 
tion scheme has been proposed. As photosynthesis-dependent embryo 
cultures are sensitive to metribuzin, resistance to the herbicide could 
be selected in embryo cultures (Templeton-Somers et al., 1981). Such 
a selection scheme should be viable with any inhibitor of photosynthet¬ 
ic activity. Indeed, Templeton-Somers (unpublished) has shown that 
nonlethal concentrations of streptomycin cause bleaching of photosyn¬ 
thetic embryos of D. carota with minimal growth inhibition. This could 
be used as the basis of a selection system for streptomycin-resistant 
green embryos. Maliga et al. U973) used the bleaching effect of 
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streptomycin on greening eaUus and regenerating shoots to select 
streptomycin-resistant cell lines. 


Mutagenesis 

The necessity of using mutagens when isolating mutants in vitro in 
higher plants has not been satisfactorily demonstrated. An almost 
equal number of mutants have been isolated in vitro with and without 
mutagens (see Table 7). However, in 14 of 15 instances reported, 
auxotrophic mutants have been isolated only after mutagenesis (Table 
7). In the only selection from nonmutagenized cells a BUdR selection 
was used; BUdR itself, however, has mutagenic properties. Both chemi¬ 
cal and physical mutagens appear effective in plant cell cultures for 
isolation of auxotrophs. Ethylmethane sulfonate, nitrosoguanidine, and 
gamma-irradiation have all been used with success. On the other hand, 
in 14 of 16 instances reported for in vitro isolation of antibiotic resis¬ 
tant mutants, mutagenesis has not been used. As many of the antibio¬ 
tic resistance traits are cytoplasmically inherited, the conventional 
mutagens may not be as effective on organelle DNA as on nuclear 
DNA. Perhaps with the use of a mutagen that acts more effectively on 
organelle DNA than nuclear DNA, mutagenesis would enhance the suc¬ 
cess of isolation of mutants. 


Table 7. Use of Mutagens for in vitro Mutant Isolation 


CATEGORY 

NUMBER OF 
With Mutagen 

MUTANT ISOLATED 
Without Mutagen 

Amino acid analog resistant 

Purine and pyrimidine 

19 

28 

analog resistant 

11 

6 

Antibiotic resistant 

2 

14 

Agriculturally useful 

5 

15 

Auxotrophs 

14 

1" 

MiseeUaneous 



Total 

54 

70 


^Isolated with BUdR selection; BUdR itself is mutagenic. 


If a mutagen is to be used, the choice between physical and chemi¬ 
cal mutagens must be made. As neither one has been shown to be 
su[»rior to the other in higher plants, convenience may be the over¬ 
riding factor. Physical mutagens are advantageous in some respects, 
after mutagenesis the cells do not have to be manipulated to 
remove the mutagen. Unfortunately, physical mutagens require special¬ 
ized equipment which is not always readily available, e.g., a gamma-ray 
source. Ultraviolet light (UV) is convenient for muta^nesis. Eq[uip- 
ment is relatively inexpensive and mutagenesis can be carried out 
under sterEe conditions, e.g., using a portable UV lamp in a laminar 
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flow hood. However, after UV mutagenesis it is important to incubate 
cells in the dark so as to reduce photo-inducible DNA repair. 

When using chemical mutagens it is necessary to wash the cells ex¬ 
tensively following mutagenesis to remove all traces of the mutagen. 
This process may prove as deleterious to the cells as the mutagen, 
especially if the cells are fragile, e.g., protoplasts. In addition, as the 
medium used for washing the cells contains toxic compounds, waste dis¬ 
posal and decontamination of glassware may [aresent problems. 

In some selection procedures, e.g., selection of amino acid analogue- 
resistant cell lines, it is quite apparent that mutagenized as well as 
nonmutagenized cells can be used successfully. An effective mutagen 
must cause extensive DNA damage to cause a mutation in the gene of 
interest. Hence additional mutations may be present in the selected 
line. Secondary unselected mutations may cause effects such as re¬ 
duced viability, interference with plant regeneration, pollen sterility, or 
innumerable other effects that could interfere with plant regeneration 
and/or genetic analysis of the mutant cell line. On the other hand, a 
spontaneous mutation may be expected to be the only mutation present 
in the cell line; unselected mutations should occur at an undetectable 
level in selected cell lines. Hence selection of mutants from unmuta- 
genized cell lines is advantageous. 

Before in vitro selection for the desired trait, cells should be grown 
for several generations after mutagenesis to allow segregation of the 
mutation and expression of the mutation in the cells. As a mutagen 
will only cause a modification in the DNA in one strand, it is essential 
that the DNA be replicated before selection for a phenotype so that at 
least both DNA strands will carry the mutation. If not present in both 
strands, a mutation may not be transcribed and expressed. In the ab¬ 
sence of a growth period following mutagenesis, resistance to a select¬ 
ive agent may not be detected. 


Methods of Selection 

Ultimately the success of in vitro mutant isolation depends on the 
suitability of the selection scheme in use. The selection depends, of 
course, on the future use of the isolated mutants. Mutants with direct 
application are the most simple to isolate. For example, to study 
tryptophan biosynthesis Widholm (1972a,b) isolated 5 -methyltryptophan- 
resistant cell lines. Herbicide, e.g., picloram {Chaleff and Parsons, 
1978), resistance may be directly selected in cell culture. In these 
instances one need only identify the problem to be addressed and 
choose the appropriate selective agent. Most mutants that have been 
isolated in vitro in higher plants have been by direct selections fee® 
Tables 1-6). 

A large number of compounds have been shown to be toxic to higher 
plant cells in vitro, some of which are listed in Table 8. In several 
instances these are compounds that could produce mutants of agricul¬ 
tural interest. For example, resistance to substituted 2 , 6 -dinitroanUine 
herbicides or metribuzin could be of immediate value. Resistance to 
heavy metals, e.g., zinc, copper, and aluminum, may increase the possi- 
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bility of growing crops under conditions previously unsuitable for plant 
growth. Although attempts to isolate NaCl-tolerant cell lines have 
been made, Smith and McComb (1981) have examined the salt tolerance 
of salt-tolerant and sensitive species and shown that salt tolerance is 
expressed in callus cultures. Stress tolerance is discussed more tho¬ 
roughly by Tal (Chapter 13). A large number of these compounds toxic 
to plant cells could be used as selective agents for in vitro mutant 
isolation. 


Table 8. Potential Selective Agents for in vitro Isolation of Mutants 


SELECTIVE 

AGENT 

SPECIES 

CELL 

SOURCE 

REFER¬ 

ENCES 

Aluminum 

Lycopersicon 

escuLentum 

Callus 

Meredith, 

1978 

Amino acid analogs 

P. hybrida 

Protoplasts 

Cocking et 

(various) 

N. tabacum 

Protoplasts 

al., 1974 

Drugs (various) 

P. hybrida 

Protoplasts 

Cocking et al., 


N. tabacum 

Protoplasts 

1974 

G418 (antibiotic) 

N. tabacum 

Suspension 

Ursic et al., 
1981 

Herbicides (sub¬ 
stituted 2,6- 
dinitroanilines) 

N. tabacum 

CaUus 

Huffman & 
Camper, 

1978 

NaCl-tolerance 

Phaseolus 

vulgaris 

CaUus 

Smith & 
McComb, 


Beta vulgaris 
Atriplex 
vulgaris 

CaUus 

CaUus 

1981 

Metribuzin 

D. carota 

Embryos 

Templeton- 
Somers 
et al., 

1981 

Phaseolotoxin 

D. carota 

Suspension 

Jacques & 

Sung, 

1981 

Polyethylene 

glycol 

L. esculentum 

Suspension 

Bressan et 
al., 1981 

Snc and copper 

Agrotis 

stolonifera 

CaUus 

Wu & Anto- 
novics, 

1978 


Indirect methods may be of value for selection of certain phenotypes 
that are difficult or impossible to select directly in cell culture. For 
example, two methods have been used for in vitro isolation of disease- 
resistant ceU lines. Carlson (1973) selected cell lines resistant to 
wildfire disease caused by Pseudomonas tdbaci. Methionine sulfoximine 
is actually an analogue of the P. tabaci toxin. A more direct approach 
was taken by Gengenbach and Green (1975) for the isolation of south¬ 
ern corn blight-resistant ceU lines of Zea mays. Cells resistant to 
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Helminthosporium maydis toxin were selected. A similar approach was 
used by Behnke (1980a) for the isolation of potato cell lines resistant 
to Phytophthora infestans. As direct in vitro selection for drought 
resistance is difficult, selection for overproduction of proline has been 
suggested (proline overproduction is observed as a response to stress). 
Mutants resistant to the analogue hydroxyproline may overproduce pro- 
line. Indirect selections may in some instances produce the desired 
mutant phenotype. 

Selection for resistance to antimetabolites is the most simple in vitro 
screening for mutants. Several factors influence the success of a 
selection system. (1) The action of the antimetabolite should be irre¬ 
versible, i.e., the agent should be lethal, not just inhibitory to growth. 
(2) The selective agent should not be degraded in the culture medium 
either by factors in the medium itself or by wild-type cells. If the 
compound is degraded, sensitive cells must be killed before its degrada¬ 
tion. In the case of a labile selective agent, cells may recover and 
begin to grow after the antimetabolite has been degraded. Although 
some of the cell colonies isolated will be resistant variants, many will 
also be sensitive. 

Selection for auxotrophic mutants is difficult. Most schemes are 
based on the use of compounds that will kill growing cells, but not 
affect nongrowing cells. BUdR selection, which has been successfully 
used with higher plants (Carlson, 1970), is based on this premise. 
Crossfeeding or leaky mutants that grow slowly should not be effective¬ 
ly recovered with this type of selection, because the toxic compound is 
incorporated into them as well as wild-type cells. Without such a 
selection, however, auxotrophs can only be selected by massive screen¬ 
ing of nonselected cells. This has been the most common approach in 
selecting auxotrophs of higher plants. 


GENERAL PROTOCOL FOR MUTANT ISOLATION 

1. Subculture cells 4 days prior to plating or mutagenesis. Cells 
should be grown to as high a density as possible while remaining 
in exponential growth. As our tobacco cells are subcultured at 
least every 4 days, at this time they are still in exponential 
growth. 

2. Cells should be grown for several generations following mutagenesis, 
whether it be by a chemical or physical agent. For tobacco cells 
4 days growth post-mutagenesis is adequate for expression of muta¬ 
tions. 

3. Filter cells to remove large cell aggregates. Clusters of up to 30 
cells may remain, but smaller aggregates are better. A 250-350 
^m pore size filter may be used with tobacco suspensions. 

4. Thoroughly mix filtered cells with an equal volume callus culture 
medium containing 1.2* agar held melted at 45 C (final agar con¬ 
centration is 0.6%). 

5. Evenly spread 2.5 ml cells in 0.6% t^ar on selective medium {va¬ 
poured in 100 mm diameter petri plates. 
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6. After agar has solidified parafilm plates. Incubate in dark until 
individual cell colonies of 1-2 mm are visible. This will take 2-6 
weeks for tobacco cells. 

7. Transfer colonies to nonseleetive culture medium for rapid cell pro¬ 
liferation. 

This protocol is designed for isolation of mutants from tobacco ceU 
suspension cultures. Similar protocols can be efficiently used for other 
species, e.g., mutants of both N. tabacum and D. carota have been iso¬ 
lated in our lab using these procedures. The plating of suspension cul¬ 
tured cells on agar medium is an efficient method of screening cells for 
resistance to an antimetabolite. There are several ways to plate cells. 

(1) A volume of cells can be directly pipeted onto the prepoured solid 
culture medium in a petri plate. Under these conditions cell colonies 
may not remain attached to the agar surface or may break apart if the 
plate is moved. (2) Cells can be directly suspended in the solid cul¬ 
ture medium and poured in a thin layer, e.g., 10 ml agar culture me¬ 
dium in a 100 mm petri plate. Unfortunately, thin layers will dry out 
quickly. We have observed different growth rates for cells submerged 
in agar medium versus those growing on the surface (Flick, unpub¬ 
lished). In addition, rescue of ceU colonies laying beneath the agar is 
not always successful. 

A method adapted from the microbiological technique of soft agar 
plating over prepoured agar plates is used in our lab. This method 
combines both direct spreading of suspension cultures on solid medium 
and plating in agar. As the cells are in a very thin layer of a low 
concentration agar, the cells are equally exposed to the atmosphere, 
firmly attached to the agar surface, and remain evenly dispersed. 

The plating procedure is described below: 

(1) Large cell aggregates must be removed to improve the efficiency 
of selection. Cells are filtered through a stainless steel tissue sieve 
(Bellco Glass Co. Celleetor) that has been sterilized by flaming with 
ethanol. The mesh size depends on the plant species, but it should not 
permit passage of cell clumps containing more than 30 cells. For ex¬ 
ample, we have used 380 ^m pore size for tobacco and 230 pm size for 
carrots. The filtered cells are collected in a sterile beaker. 

(2) After filtration, tobacco cells must be concentrated before plat¬ 
ing. This is achieved by centrifugation and resuspension of the cells in 
a minimal volume. Cells from more than one flask can be pooled and 
plated together. As the frequency of mutations is low, one should 
plate a continuous lawn of cells on selective medium. In contrast to 
tobacco cells, a single flask of carrot cells can provide sufficient cells. 

(3) Filtered cells are diluted one-to-one with culture medium contain¬ 

ing 1.296 melted agar held at 45-50 C (resulting in a final agar concen¬ 
tration of 0.6*). 2.5 ml cells in 0.696 agar is plated on prepoured agar 

plates (1.095 agar) containing 25 ml solid medium. After the soft agar 
solidifies, plates are pemafUmed. As the plated cells constitute only 
10* of the final volume in the plate, the selective agent can be in¬ 
cluded at 10* higher than desired concentrations so that following 
plating the desired concentration of antimetabolite will result. 
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The cultural conditions immediately following plating of cells on 
selective culture medium are important in the success of the screening. 
Senescent tobacco cells, for example, produce phenolic compounds when 
grown in the light but not in the dark. Hence it is advantageous to 
incubate selective plates in the dark. The nature of the selection may 
also necessitate ctilturing cells in the dark. p-Fluorophenylalanine re¬ 
sistant variants of N. tabacum Su/Su (Flick et al., 1981) produce large 
amounts of phenolic compounds and do not survive when cultured in 
light. Phenolic comounds are not a problem with some species, e.g., D. 
car Ota, Growth in the dark will also eliminate any possible photo 
degradation of the selective agent. All other cultural conditions, i.e., 
temperature, culture medium composition, etc., should be those that 
produce optimal cell growth. The only stress on the cells should be 
the selective agent. 


Preliminary Analysis of Variant Cell Lines 

A long period of time may result between plating of cells and 
appearance of cell colonies, e.g., up to several months. Dessication of 
the culture medium may cause growth inhibition. It is therefore impor¬ 
tant to remove cell colonies from the selective medium as soon as pos¬ 
sible. Cells should be transferred to fresh culture medium without 
selective agent to allow rapid ceU proliferation. When cell colonies 
reach a sufficient size to divide, a stage that will depend on the plant 
species, cells should be subcultured back onto selective medium and 
onto plant regeneration medium, as well as maintained on nonselective 
medium. As a loss of morphogenetic potential is possible after pro¬ 
longed culture in vitro, especially under stressful conditions, it is 
essential that plant regeneration be attempted as soon as possible. 

Only a portion of those variants isolated will be stable mutants. For 
example, of 250 p-fluorophenylalanine (PFP)-resistant cell lines isolated 
in N. tabacum Su/Su, only 21 were stably resistant to the phenylala¬ 
nine analogue (Flick et al., 1981). The stability of variants can only 
be ascertained after prolonged subculturing in the absence of the 
selective agent. Variant cell lines isolated in vitro with any selection 
system should be verified as mutants. Several characteristics can be 
used to define a mutant, i.e., a cell bearing a stable change in its 
genetic makeup. (1) Mutants arise at low frequency, e.g., at a fre¬ 
quency of 10'®-10"^ in the absence of mutagenesis. Up to a 100-fold 
higher mutation frequency may be possible following mutagenesis. In 
those instances where a selected phenotype arises at a very high fre¬ 
quency, e.g., 10‘2-10^ a mutational basis for the variant is unlikely 
and physiological adaptation should be suspected. (2) A mutant must 
be stable in the absence of selection. Physiological adaptation may 
involve induction of certain biochemical functions in the presence of 
the antimetabolite. In the absence of selective pressure, variants may 
revert to sensitivity. Variant eeU lines that are mutants will retain 
the selected phenotype after prolonged culture in the absence of selec- 
observed in ceU cultures; the foUowing criteria require plant regenera¬ 
tion. (3) A mutant ceU line must remain stable after plant regenera- 
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tion. Although plants may or may not show the selected phenotype, 
callus initiated from the regenerated plants must express the selected 
phenotype. (4) Sexual transmission of a selected phenotype assures its 
identity as a mutant. Chaleff and Parsons (1978) showed sexual trans¬ 
mission of picloram resistance and observed Mendelian segregation of 
sensitive and resistant phenotypes. Because in many instances plants 
r^enerated from mutants are aneuploid and/or sterile, genetic analysis 
may be complicated. 

Analogue sensitivity may be screened in either callus or cell suspen¬ 
sion cultures. Testing for analogue sensitivity is more rapid in suspen¬ 
sion culture, as cells are completely immersed in the antimetabolite. 
However, more than one subculture in the selective agent may be nec¬ 
essary before sensitive cells die. Diffusion of the selective agent into 
callus may prolong the time before all sensitive cells are killed. Cell 
lines that do not maintain resistance in the absence of selection should 
be discarded. Final analysis of the resistance of a cell line to an 
antimetabolite can be accomplished by either plating cell suspension 
cells on various concentrations of the antimetabolite or growth curves 
in the presence of the antimetabolite in suspension culture. 

As a cell suspension culture composed of aggregates of cells has 
been used for plating, variant cell lines may be chimeric. Subsequent 
genetic and biochemical analysis of a regenerated plant could be 
complicated by the lack of homogeneity in the cell line. Protoplast 
isolation and culture from variant cell lines could be used to separate 
mosaics and produce homogeneous ceU lines. In addition, the behavior 
of protoplasts isolated from a variant cell line in the presence of the 
selective agent is important if that variant is to be used as a parent 
in somatic hybridization. 

Two approaches may be taken for the analysis of mutants isolated in 
vitro, i.e., the biochemical result of mutation and/or the genetic beha¬ 
vior of the mutation. Whether a biochemical and/or genetic analysis of 
a mutant is undertaken must depend on the aim of the mutant search. 

In some instances genetic analysis is not possible if no plants are 

regenerated. However, some genetic analysis is possible in cell cul¬ 
tures, e.g., Glimelius et al. (1978) showed by protoplast fusion that the 
nitrate reductase mutants of N, tabacim isolated by Muller and Grafe 
(1978) were recessive and defined two alleles, cnx and nia. In the 
ease of plants that are conventionally asexuaHy propagated, e.g., pota¬ 
to, genetic analysis, although interesting, may not be necessary for the 
usefulness of the mutant. 

In almost all instances a biochemical analysis of a mutant is possible. 
Any mutant can be analyzed in cell culture or as a regenerated plant. 
Analysis of both ceU culture and plant may contribute an understanding 
to the organization and/or development of the plant. However, bio¬ 
chemical analysis may not be necessary if the mutant is to be used 

only as a genetic marker. 


FUTURE PROSPECTS 

The success of in vitro mutant isolation has been limited by the 
status of tissue culture for species of interest. Only Solanaceous spe- 
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cies, especially species of Nicotiona, have been fuUy exploited in tissue 
culture. In most species of agricultural interest at least one crucial 
aspect of tissue culture is not available, e.g., whereas plant regenera¬ 
tion from callus cultures of maize has been reported, plants have not 
been regenerated from protoplasts. 

A species that would behave ideally as a model system has not yet 
been found. Several requirements for such a tissue culture system are: 
(1) availability of stable haploid plants or cell lines; (2) regeneration of 
plants from protoplasts, callus, and cell suspension cultures; (3) a rea¬ 
sonably short life cycle, e.g., flower first year from seed, so that 
genetic anal^is is possible; (4) a background of genetic markers to use 
in genetic analysis; and (5) a selective system that will produce the 
desired mutants at a high frequency. No species has fulfilled all these 
criteria. Whereas auxotrophs were isolated from leaf mesophyll proto¬ 
plasts of both haploid N. plumbaginifolia (Sidorov et al., 1981) and 
haploid Hyoscyamus muticus (Gebhardt et al., 1981; Strauss et al., 
1981), in neither case do these species have a good genetic background 
for analysis of mutants, nor are they species of economic importance. 
Tissue culture systems need to be perfected in those species that have 
been extensively analyzed genetically, e.g., Zea mays, Lycopersicon 
esculentum, or other crop species. 

The isolation of auxotrophs has been limited by the lack of a selec¬ 
tion system. Selection for nongrowing cells, e.g., penicillin selection in 
bacteria or BUdR selection in eukaryotic cells, facilitates the isolation 
of auxotrophic cells by killing most of the wild-type cells. In the one 
instance when BUdR enrichment was used in higher plants (Carlson, 
1970) a true haploid was not used, i.e., N. tabacum. Hence the suc¬ 
cess of the technique was limited. In the absence of a selection 
system, auxotrophs can only be identified by screening vast numbers of 
cell lines, a physically cumbersome project. The future of auxotroph 
isolation depends on development of appropriate selection systems. 

The isolation of auxotrophs is of paramount importance to the full 
development of somatic cell genetics in higher plants. Much of the 
elucidation of biochemical pathways and their genetic basis in prokary¬ 
otic organisms was deduced using auxotrophic mutants. In higher 
plants a biochemical system based on information from auxotrophic cell 
lines has only been described for nitrate reductase, e.g., nitrate auxo¬ 
trophs (Muller and Grafe, 1978). Metabolic complementation between 
auxotrophic cell lines can be used eis a potent selection for identifica¬ 
tion of somatic hybrids constructed between two auxotrophic cell lines. 
Glimelius et al. (1978) demonstrated the potential application of such a 
selection with nitrate reductase mutants of N. tabacum. Both biochem¬ 
ical analysis of higher plants and somatic hybridization require a 
coUeetion of auxotrophic cell lines. 

The development of cytoplasmic genetics in higher plants may depend 
on the isolation of cytoplasmic mutants in vitro. As the number of 
organelle genetic markers is limited, each new cytoplasmic mutant 
expands the possibilities for analysis of the behavior of organelle 
genomes. As mutants resistant to a very limited number of antibiotics 
have been isolated up to now, new selective systems are necessary. In 
addition, efficient cytoplasmic mutagens may be necessary. Antibiotic 
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resistance has already been shown to be valuable for selection of a 
particular cytoplasm in somatic hybridization (Medgyesy et al., 1980). 

Agricultural research has barely realized the future applications of in 
vitro mutant isolation. Preliminary studies indicate that mutants resis¬ 
tant to diseases (e.g., Helminthosporium maydis race T in Zea mays, 
Gengenbach and Green, 1975) or herbicides (e.g., pieloram resistance in 
N. tabacum, Chaleff and Parsons, 1978) can be selected directly in tis¬ 
sue cultures. Nutritional deficiencies in certain crops may be allevi¬ 
ated through the use of mutants isolated in vitro. For example, high 
lysine breeding lines of Zea mays with increased free lysine have been 
isolated by selection for lysine plus threonine resistance in cell cul¬ 
tures (Hibberd et al., 1980). 

Perhaps the most promising applications of in vitro mutants in agri¬ 
culture are those involving indirect selections for a desirable pheno¬ 
type. For example, as proline accumulation is common in stress situa¬ 
tions in higher plants, e.g., water stress, perhaps plants that overpro¬ 
duce proline would be more adaptable to stress. Proline overproduction 
has been demonstrated in mutants resistant to proline analogues (e.g., 
Keuh and Bright, 1981). As more selection systems are devised for 
indirect selection of agriculturally useful phenotypes, the potential 
applications of in vitro mutant isolation will be realized. 
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CHAPTER 11 

Selection for Herbicide Resistance 

K. Hughes 


Pre- and post-emergent selective herbicides have been used to reduce 
weed populations that compete with agronomic crops for space and 
nutrients. The selective lethality of herbicides depends on differences 
between the crop and weed species with respect to one or more of the 
following: (1) uptake of the herbicide, (2) translocation of the herbi¬ 
cide, (3) inactivation of the herbicide, and (4) breakdown of the herbi¬ 
cide (Pinthus et al., 1972). Unfortunately, many of the herbicides in 
current use are not sufficiently selective, i.e., herbicide damage to the 
crop species occurs at herbicide concentrations necessary to kill weed 
species. Further, slight changes in dosages or herbicide-environment 
interaction may result in either crop damage or insufficient weed des¬ 
truction (Pinthus et al., 1972). For many important crops there are no 
appropriate herbicides available. One way to solve this problem is to 
develop new and more selective herbicides, a lengthy and expensive 
process. Alternatively, crop plants can be selectively modified for re¬ 
sistance. 

The use of cell culture systems in the isolation of potentially useful 
phenotypes in plants has been widely discussed in both the popular and 
scientific literature. Herbicide resistance has been mentioned as an 
area where this technology can be successfully used. The use of cell 
culture systems can offer several advantages in the isolation of herbi¬ 
cide resistant plants. (1) Many crop species in use today are highly 
inbred or derived from inbred lines. Genetic variability, as a result, 
may be reduced. Selection from culture systems provides new sources 
of genetic variability from which resistant phenotypes may be selected. 
Further, through a combination of conventional breeding techniques and 
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in vitro mutant isolation, new herbicide resistant crops may be estab¬ 
lished. (2) In vitro selection of herbicide resistance from cell culture 
systems may produce cell lines with differing forms of resistance. 
While the type of resistance obtained is dependent upon the specific 
mode of action of the herbicide, it is probable that for any given 
herbicide there are several ways of obtaining resistance (e.g., transport 
of the herbicide and detoxification of the herbicide). Thus selection 
from culture can provide a convenient way to obtain a number of 
different types of herbicide resistant mutants. If biochemical analysis 
indicates that the mutants are affected in different areas, then it may 
be possible to combine mutants using either conventional breeding tech¬ 
niques or somatic cell fusion to obtain plants that are more resistant 
than either mutant parent. The development of highly resistant crop 
plants woiild increase the efficiency with which herbicides could be 
used in the elimination of weed species. While biochemically different 
herbicide resistant variants have been isolated from culture systems 
(Hughes, unpublished data), no study to date has attempted to combine 
different phenotypes. 

While the advantages are obvious, there are several constraints on 
the use of tissue culture technology that should be mentioned. (1) 
Time required for development of resistance through tissue culture 
technology: several factors limit the functional life of a herbicide. One 
such factor is the development of herbicide resistance in wild {»pula- 
tions. A paraquat-tolerant line of Lolium pererme was identified by 
Faulkner (1975). Resistance to the S-triazine herbicides has appeared 
among wild species in several locations including: (a) Washington 
State, (b) Ontario, Canada, (c) England, and (d) Montpellier, France 
(Gressel, 1979). Resistance of weed species to the S-triazine herbi¬ 
cides has appeared fairly rapidly, usually within a ten year period. 
This is considerably faster than the 20-30 year period expected for 
development of herbicide resistance in natural populations based on an 
annual spraying of the compound. The rapid evolution of resistance in 
this instance may be due to the persistanee of S-triazines in the soil 
and their widespread use (Gressel, 1979). While the initial isolation of 
resistant phenotypes from cell culture systems is rapid, the regenera¬ 
tion of plants from culture, genetic analysis, and field trials will take 
several years to complete. Thus herbicide-resistant crop species 
ideally should be developed and released concurrently with new herbi¬ 
cides for maximum use. (2) Metabolic basis for herbicide action: a 
second constraint on the use of cell culture systems for the selection 
of herbicide-resistant phenotypes lies in the physiological basis for 
herbicide action. It is a prerequisite that the herbicidal action should 
be at the cell level. Selection from cell cultures for resistance to 
several herbicides has been successful (Table 1). In these cases the 
herbicidal action is apparent in both callus cultures and plants. 

In some instances herbicidal action occurs only at the whole plant 
level and not in callus cultures. Metribuzin, which acts on the photo¬ 
synthetic electron transport system, is a h^hly effective herbicide on 
photosynthetic seedlings but has no effect on callus cultures (Ellis, 
1978), However, Templeton-Somers (1981) showed that metribuzin is 
toxic to asexual embryos of D. carota, and embryos could potentially 
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Trifolium repens Oswald et al., 1977 

Nicotiana sylvestris Zenk, 1974 
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be used to select for metribuzin resistance in vitro. Radin and Carlson 
(1978) were unable to select for resistance to bentazone and phemedi- 
pherm in caUus cultures; however, herbicide treatment of mutagenized 
whole plants revealed localized green areas of resistant cells. When 
these areas were isolated and fdants regenerated via tissue culture, 
plants resistant to both herbicides were obtained. 


CURRENT STATUS 

Plant cell and tissue culture has been used with relatively few of the 
available herbicides to select for resistance. Resistant cell lines and/ 
or plants have been obtained for some of the phenoxy herbicides, the 
triazoles, the carbamates, the dipyridylium herbicides, and the herbi¬ 
cides picloram and glyphosate (Table 1). While it is relatively easy to 
obtain resistant cell lines, obtaining herbicide-resistant plants through 
cell culture procedures has been difficult. More mutants have been 
successfully isolated from N. tabacum than any other species. 

There are many examples of herbicide resistance in cell cultures; 
however, in only a few cases have plants been regenerated from resist¬ 
ant cell lines. Where plants have been regenerated, they fall into 
three classes: (1) resistant to normally lethal levels of the herbicide, 
(2) tolerant to the herbicide (i.e., plants show enhanced survival at 
sublethal herbicide applications), and (3) not resistant. Herbicide-resis¬ 
tant plants have been regenerated from cell lines of N. tabacum resist¬ 
ant to amitrol and glyphosate (McDaniel, personal communication), 
isopropyl N-carbamate (Aviv and Galun, 1977), picloram (Chaleff and 
Parsons, 1978), and paraquat (Miller and Hughes, 1980). 

In most studies, both resistant and nonresistant plants occurred in 
the regenerates (Aviv and Galun, 1977; Chaleff and Parsons, 1978; 
Miller and Hughes, unpublished). However, callus derived from both 
resistant and sensitive regenerated plants was herbicide resistant in 
most cases, indicating that the resistance trait was transmitted but not 
expressed in the whole plant. Callus initiated from regenerated 
tobacco plants was resistant to paraquat (Miller and Hughes, unpub¬ 
lished; Hughes, unpublished data). The only exception was callus 
initiated from a plant that was clearly chimeric for paraquat 
resistance. In this case the callus could have been derived from a 
sensitive sector of the plant. 

Paraquat resistcmt cell lines have also been isolated from cell lines 
initiated from a Lycopersicon perwianum x L. escidentum hybrid that 
has high regenerative ability (Thomas and Pratt, personal communica¬ 
tion). Plants were regenerated from four of the resistant cell lines. 
Whereas one regenerate exhibited slight paraquat tolerance, aU other 
regenerated plants were sensitive to paraquat. However, callus derived 
from the fdants retained resistance (Thomas and Pratt, personal 
communication). Segregation for paraquat resistance in callus was 
observed in the Ri generation. 

In several instances plants and cell lines selected for resistance to 
one herbicide are cross resistant to another herbicide. Where the 
second herbicide is in a related category and has a similar metabolic 
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basis, this is to be expected. For example, a paraquat-resistant soy¬ 
bean cell line and paraquat-resistant tobacco cell lines are also resist¬ 
ant to the related dipyridylium herbicide diquat (Hughes, 1978b; 

Hughes, unpublished data). Occasionally, cell lines that are resistant 
to one herbicide are also found to be resistant to another apparently 
unrelated herbicide. Two of five N. tabacum ceU lines selected for 
resistance to amitrol are also resistant to glyphosate. Conversely, two 
of five lines selected for glyphosate resistance are also resistant to 

amitrol. It is not yet known if the plants are cross resistant 

(McDaniel, personal communication). 

Chaleff and Keil (1981) found that more than half of their pieloram- 
resistant plants were also resistant to hydroxyurea. In two eases the 
resistance trait segregated independently, indicating that at least two 
separate and distinct mutations had occurred. As picloram is not 

mutagenic in Saccharomyces cerevisiae and there is no apparent selec¬ 
tion pressure for joint picloram-hydroxyurea resistance, the origin of 
these double mutants is not understood (Chaleff and Keil, 1981). In a 
third case no segregation of the traits occurred, indicating that either 
the two genes are tightly linked or that they were identical. 

Genetic analysis of herbicide-resistant mutants isolated in vitro has 
only been reported by Chaleff (Chaleff and Parsons, 1978; Chaleff, 1980; 
and Chaleff and Keil, 1981). Four picloram-resistant cell lines analyzed 
defined three linkage groups. As the two mutants that were genetical¬ 
ly linked arose in a single experiment, they may not be independent 
mutations (Chaleff, 1980). Chaleff suggests that there must indeed be 
a large number of possible alleles to produce a picloram resistant 
phenotype. The subsequent discovery that more than half of his 
picloram resistant cell lines are hydroxyurea resistant led Chaleff to 
suggest that perhaps picloram resistance or hydroxyimea resistance 
alleles are mutator alleles (Chaleff, 1980). 


PROCEDURES 

Mutagenesis 

Selection procedures from ceU culture do not require that the cul¬ 
ture be mutagenized, and many investigators have successfully isolated 
herbicide-resistant variants from cell cultures without mutagenesis; 
however, we have observed that mutagenesis increases the recovery of 
stable resistant cell lines. W’e have used a variety of mutagenic agents 
with cell cultures of N. tabacum, including X-rays, short wavelength 
UV irradiation (254 nm), and chemical mutagens, e.g., EMS. We now 
use only UV irradiation for mutagenesis, because it is fast, convenient, 
and easy to use. Most plastics and glass effectively block short wave¬ 
length UV irradiation; therefore, a large piece of glass or plastic may 
be placed between the UV source and the operator to protect skin and 
eyes. Safety glasses will provide additional protection for the eyes and 
rubber gloves may be worn to prevent exposure of the hands. 

All procedures should be performed under sterile conditions. All 
manipulations following irradiation should be carried out in a darkened 
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room with as little light as possible to prevent light induced DNA re¬ 
pair. 


EQUIPMENT NEEDED. The DV lamp and stir plate may be sterilized 
by wiping with 70% ethanol or by allowing the UV lamp to warm up in 
the work area, which will be sterilized by UV irradiation. Following 
UV irradiation, cultures should not be exposed to the light for several 
days to prevent photorepair. A fine suspension of cells is necessary. 
Cells in a 250 ml flask and 80 ml medium is sufficient for most studies. 
Developing a very fine suspension culture with primarily single cells 
and clusters of no more than three or four cells is technically difficult. 
It is often necessary to use 2,4-D, 2,4,5-T, or related compounds to in¬ 
crease the growth rate and produce fine suspensions. Either of these 
procedures may reduce the ability of cells to regenerate into plants at 
a later date. A technique that has been used successfully to prepare 
suspension cultures for direct plating is to force friable callus through 
a fine mesh screen (Pratt, personal communication; Bressan, personal 
communication). A new technique for producing primarily single cell 
suspension cultures using calcium alginate beads to immobilize cells in 
suspension cultures has recently been developed (Morris and Fowler, 
1981). The suspensions may be started with either suspension cultures 
or sieved callus cultures. This procedure may eliminate the need for 
extended subculturing or the addition of 2,4-D to the medium. 

Mutagenesis is carried out in a small, sterile beaker (50 ml). Using 
a sterile wide mouth pipette, 10 ml cells is transferred from a mid to 
late log phase culture to each beaker. 

The ultraviolet light source is placed on a platform above the 
magnetic stirrer. In our setup, the distance between the bottom of 
the three lights and the stirring plate is 24 cm. At this distance, 
with the lower light on, the exposure is 140 ergs/mm ^/sec, and the 
loss due to absorbance of the medium is no more than 1.81%. With the 
lower and middle light on, the exposure rate is 155 ergs/mm^/sec, and 
the UV absorbance by the medium is 6.45%. We use only the lower 
light for UV mutagenesis. If the equipment used is not the same as 
described above, it will be necessary to calibrate the UV fluence rate 
to obtain the same overall exposure. Using a radiometer specific for 
254 nm light, place the sensor on the stirring plate and record the 
fluence. 

Cells must be stirred during UV mutagenesis to expose the cells uni¬ 
formly to UV light. Prior to mutagenesis the beaker is covered with a 
sterile glass plate. Mutagenesis must be carried out in the dark to 
prevent photorepair. The degree of mutagenesis is determined by the 
length of the exposure. Mutagenesis is initiated by removing the glass 
cover plate. The process is stopped by replacing the cover glass. We 
irradiated N. tabacum cultures for 2 min for a total exposure of 16,000 
ergs/mm^. This results in approximately a 30% reduction in viability as 
measured by exclusion of the dye bromphenol blue. 

The irradiated cells are diluted up to 80 ml with fresh medium and 
cultured in the dark to prevent light-dependent DNA repair. Following 
mutagenesis, a period of growth is necessary to replicate the induced 
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mutation as well as express the altered function. When the cells are 
growing well, they may be transferred to selective medium for isolation 
of resistant variants. An alternate procedure is to add 10 ml of me¬ 
dium containing twice the lethal concentration of irradiated cells and 
plate on selective medium. This procedure is described in more detail 
below. The advantage of direct plating is that the possibility of multi¬ 
ple isolates Arom a single mutation is reduced. 


Selection Techniques 

A major problem with selection for variants from cell cultures is the 
propensity for plant cells to grow in clumps. Except for protoplasts, 
single cell cultures are virtually nonexistent. When cells in clumps are 
cultured on selective medium (medium containing normally lethal con¬ 
centrations of the selective agent), there is a possibility that wild-type 
sensitive cells can survive the selective pressure. This can occur if; 
(1) sensitive cells produce a detoxifying substance that can diffuse or 
be transported into adjacent sensitive cells, or (2) cells in the center 
of a clump of cells are protected from exposure to the selective agent 
(Chaleff, 1981). 

The survival of sensitive cells in a clump of cells can lead to the 
formation of chimeric callus and plants. A stable chimeric callus line 
was identified among paraquat-resistant lines derived from callus of 
Nicotiana tabacum. Plants derived from this cell line were also 
chimeric and had leaf sectors that were clearly resistant or sensitive 
(Miller and Hughes, unpublished; Hughes, unpublished). 

The survival of nonresistant cells in a clump of resistant ceUs can 
lead to the apparent loss of the resistance trait when the cells are 
transferred to nonselective medium. If the wild-type cells grow at a 
faster rate than the herbicide-resistant cells, wUd-type cells can prolif¬ 
erate at the expense of mutants. After a few subcultures, only wild- 
type cells may remain in this type of culture. When retested, the re¬ 
sistance trait may be lost. 

Determination of the herbicide level that causes death of cells in 
culture is an essential prerequisite to selection procedures. Several 
factors affect the toxicity of herbicides and other phytotoxic compounds 
on cells in culture including; (1) the size of the inoculum, (2) the 
growth phase of the culture (or plant) used as an explant source, and 
(3) hormonal levels in the medium (ZUkah and Gressel, 1977). We have 
observed that activities of enzymes which protect the cell agairrst the 
toxic effects of paraquat vary sharply throughout the growth cycle, 
reaching a maximum level in the late log phase. Thus cells from cer¬ 
tain stages of the growth cycle are more sensitive to paraquat than 
cells from other stages. A similar pattern of variability is seen in the 
whole plant and is associated with both age of the plant and position 
of the leaf on the plant. Here also, some leaves are more sensitive to 
the herbicide than others. Thus it is important to establish the condi¬ 
tions under which lethality occurs and to always carry out selection 
E^ocedures within the bounds of these conditions. 
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A broad range of cell sources have been used in the isolation of cell 
lines that are resistant to herbicides. Selections of phenotypically 
stable cell lines have been successful from callus, suspension cultures, 
plated suspension cultures, and protoplasts. Both direct selection, i.e., 
selection for resistance to a lethal concentration of the herbicide, and 
stepwise selection procedures involving one or more initial selections at 
sublethal levels followed by selection at a lethal concentration of the 
herbicide have been used. However, in our experiments stepwise selec¬ 
tion procedures did not increase the recovery of paraquat-resistant cell 
lines (Miller and Hi^hes, 1980). The major types of selective tech¬ 
niques are presented below. 


SELECTION FROM CALLUS CULTURES. Selection of stable herbi¬ 
cide-resistant variants has been successful in a number of cases (Miller 
and Hughes, 1980; Hughes, 1978a). As noted above, there is a high 
probability of obtaining a callus that is a chimera of resistant and 
sensitive cells. Continued subculture on selective medium may or may 
not eliminate the sensitive cells. The low frequency of chimeric cell 
lines and plants that we recovered (1 in 24 isolates) using selection 
from callus cultures may be due to lack of cross feeding. None of our 
resistant cell lines so far tested has the ability to support growth of 
nonresistant cells (Hughes, unpublished). 

Equipment Needed. All procedures should be performed in a sterile 
room or laminar flow hood. Callus is cultured in 125 ml Erlenmeyer 
flasks with 50 ml solidified medium. The flasks are plugged with cot¬ 
ton and the cotton covered with foil or a kaput (BeUeo Glass). Cells 
are transferred with sterile stainless spoons. 

Protocols. The concentration of herbicide that is lethal to cells in 
culture must be determined. Most herbicides are lethal to cultured 
cells at around 10"^ M. A range of herbicide concentrations between 
10 ® M and 10 ^ M should be tested. If the herbicide is heat labile, 
it will be necessary to add the herbicide sterUely to the medium after 
filter sterilization. Selection should be carried out at an herbicide 
concentration at which no callus growth occurs. Callus should be 
transferred from selective medium to nonselective medium to determine 
if the cells have been killed or simply arrested in growth. LethEility is 
essential. Cells should always be subcultured at the same stage in the 
growth cycle when determining lethality. 

Callus is grown at the selective concentration of herbicide for 2-4 
weeks or longer, depending on the growth rate of the callus. Transfer 
the callus from selective medium to nonselective medium to determine 
if cells have been killed or inhibited. A herbicide concentration and 
growth period that clearly kills wild-type cells should be chosen. This 
concentration will be used for future selections. 

A small piece of callus (50-100 mg wet weight) is transferred onto 
selective medium. Cultures should be maintained in incubators under 
normal growing conditions. For N. tabacum, this is 25 C with 12-14 
hr of light provided by incandescent and fluorescent lights. Cultures 
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should be observed at 2 week intervals. After 6-8 weeks, a few of the 
cultures (for paraquat resistance approximately 2% of the cultures) will 
develop small slow growing areas that can be seen as lighter colored 
tissue against a background of dead cells. The small growing areas are 
isolated and subcultured on medium containing the herbicide. Some of 
the calli will continue to grow and may be considered to be resistant. 
Failure to grow may result from a number of factors, including too 
small an explant and inviability of a given resistant variant. Continued 
subcultures in the presence of the selective agent may help to remove 
remaining sensitive eeUs. Alternately, callus may be transferred into 
suspension culture and plated on selective medium. If plants are to be 
regenerated, cells should be transferred as soon as possible to regener¬ 
ation medium, before regenerative capacity of the cells is lost. 


SELECTION FROM SUSPENSION CULTURES. Selection for resistant 
phenotypes may be carried out directly in suspension cultures. Widholm 
has successfully used this procedure to isolate a variety of analog- 
resistant variants (see Chapter 10). McDaniel has used this technique 
to isolate variants resistant to the herbicides amitrol and glyphosate 
(McDaniel, personal communication). The use of suspension cultures 
allows mutant cells in the culture to multiply under favorable growth 
conditions and increases the probability that a single mutant will be 
recovered. The possibility of recovering chimeras is also reduced. A 
disadvantage of this system is that one does not know if a single 
mutational event or several mutational events have occurred in the 
same flask. All colonies isolated from a single flask must be treated 
as a single mutation. 

Equipment Needed. Cells are cultured in 250 ml Erlenmeyer or 
BeUco triple baffled shake flasks with 80 ml liquid medium on a rotary 
shaker. Sterile cotton plugged wide mouth 10 ml pipettes are used to 
transfer cells. 

Protocol. The lethal concentration of herbicide must be determined 
as described above. For optimal results a fine suspension culture of 
cells should be established. Liquid selective medium is prepared and 
80 ml of medium is dispensed into a 250 ml flask. Then 10 ml of cells 
is transferred from a suspension culture in exponential growth phase to 
the selective medium. Cells are placed on a rotary shaker at 100 rpm 
under standard lighting and temperature conditions. Cultures are 
examined every week. Cultures that appear to be growing should be 
reserved for further tests. Cultures may be plated out after 2-3 weeks 
of growth. The cells are plated onto selective medium as outlined 
below. Resistant cells should appear as small colonies which can be 
recovered for further analysis. 


SELECTION FROM PLATED SUSPENSION CULTURES. Isolation of 
herbicide-resistant mutants from suspension cultures is summarized in 
Table 2. Cells are grown in liquid nonselective medium to the mid or 



452 Specialized Cell Culture Techniques 

late log phase of the growth curve. We maintain cultures in 250 ml 
flasks with 80 ml of medium. New flasks are inoculated with 10 ml of 
cells from 12-day-old cultures. Selective medium is prepared. Then 25 
ml of selective medium is dispensed into petri dishes (20 mm x 155 
mm). Medium and plates must be sterile. Selective medium in which 
to suspend cells for plating is prepared with two times the final 
concentration of both herbicide and agar and sterilized. The medium is 
reheated gently prior to use to melt agar and keep agar melted in an 
oven or waterbath at 40-45 C. A sample of the culture is examined. 
If the culture is a fine suspension, the culture may be used without 
filtering. If clumps of more than four to five cells are common, the 
culture may be filtered through nitex cloth to remove clumps. (Nitex 
cloth, 150 (im size from TECTO, Inc., 420 SawmiU River Rd., Elmsford, 
NY 10523. Cloth may be autoclaved.) We initially filter through cloth 
with a pore size of 500 urn, then through cloth with a pore size of 250 
|jim. Cells are collected on nitex with a pore size of 70 |im and 
resuspended in liquid medium. Cells may be concentrated if necessary 
by gently spinning them down in a clinical centrifuge and resuspending 
in a small volume of medium. To obtain fine suspension of cells from 
caUus, cells are forced through a stainless steel screen (145 iim pore 
size). The mesh may be obtained from Fisher, alternately, a kitchen 
strainer with a fine mesh may be used. Cells are washed on a 70 |im 
mesh Nitex cloth to remove cell fragments and resuspended. Alter¬ 
nately, cells may be washed by spinning in a clinical centrifuge and 
resuspending (Bressan, personal communication). 


Table 2. Isolation of Herbicide Resistant Mutants from Suspension 
Culture® 


1. Establish a fine suspension of cells. 

2. UV mutagenize with 16,000 ergs/mm 

3. Grow cells for several generations in the dark to allow replication 
and expression of mutations. 

4. Adjust cell concentration to 10^-10® ceUs/ml. 

5. Dilute cells with an equal volume of selective medium with double 
the final desired concentration of agar and selective agent. 

6. Plate 10 ml with wide bore pipette on top of selective medium in 
petri dish. Seal dishes with parafilm and incubate until colonies of 
2-3 mm diameter are visible. 

7. Transfer resistant colonies to fresh culture medium with or without 
herbicide. 

8. As soon as possible, transfer colonies to medium for shoot regen¬ 
eration. 


® Details given in text. 


A small sample of the cell mixture is placed on a hemacytometer and 
the number of cells per ml estimated. The number of cells per ml is 
adjusted to 10^-10®. Alternately, 2.5 ml of packed cells may be resus¬ 
pended in liquid medium (McDaniel, personal communication). The warm 
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selective medium (2X) is combined with the cell suspension culture and 
quickly plated in 10 ml aliquots on top of the selective medium in a 
petri dish. Sterile wide-mouth pipettes can be useful here. The dishes 
are sealed with parafilm and placed in an incubator under standard 
conditions. 

Plates should be examined at 2 week intervals for resistant colonies. 
Any colony larger than 2-3 mm can be subcultured on selective medi¬ 
um. Pratt has had better success with survival of his isolates when he 
subcultured initially on nonselective medium for a week to allow the 
culture to become established and then added the herbicide as a liquid 
which diffuses into the medium (Thomas and Pratt, unpublished). 


SELECTION FROM PROTOPLASTS. In theory, selection from proto¬ 
plast cultures for herbicide resistance should provide the best technique 
for avoiding chimeric callus and plants; however, protoplasts are fragile 
and require delicate and precise handling. No reports in the literature 
have used protoplasts for this purpose. If plating from protoplasts is 
desired, the investigator may use procedures outlined by D. Evans (see 
Chapter 7) to isolate and culture protoplasts. 


REGENERATION OF PLANTS. Attempts to regenerate plants from 
herbicide-resistant cell lines should follow selection as rapidly as 
possible. The longer cells remain in a culture system, the more 
difficult they are to regenerate, and the more likely they are to 
accumulate chromosome aberrations (Smith and Street, 1974). Of 
course, care should be taken to initiate selection from cultures with 
morphogenetic potential. 

Some investigators prefer to regenerate plants in the presence of the 
herbicide. If the callus is a chimera, i.e., composed of both resistant 
and sensitive cells, this procedure will reduce the chances of losing the 
trait if sensitive cells outgrov; the resistant cells during plant develop¬ 
ment. On the other hand, this procedure may result in the failure of 
cell lines to regenerate in cases where the trait is expressed at the 
cell level only and not in the whole plant. We have shown that sensi¬ 
tive plants derived from callus produce resistant callus, indicating that 
the resistance trait is still present in the genome but is not exts-essed 
in the whole plant (Miller and Hughes, 1980). Similar observations 
were made by Thomas and Pratt in their studies with paraquat resist¬ 
ance in tomato hybrids (personal communication). On the other hand, 
picloram-resistant cell lines of N. tabacum regenerate piclorara resist¬ 
ant plants (Chaleff and Parsons, 1978). 

Regeneration procedures will vary with the species involved. The 
procedures given below are for N, tabacum var. Wisconsin 38. 

Shoots are regenerated on MS medium with 4,6 |iM KIN and 12.3 gM 
2iP in 125 ml flasks or baby food jars. Some investigators regenerate 
in the presence of the herbicide. The necessary ratio of auxins and 
cytokinins in the medium to induce regeneration varies from species to 
species. A small piece of callus is transferred to the regeneration 
medium. The callus should form green areas which will develop into 
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shoots. If sufficient shoot development has not occurred within a 6 
week period, the green areas are transferred to fresh regeneration 
medium. This procedue is repeated until adequate shoot formation is 
obtained. 

Small shoots (approximately 7.5-10 mm high) are transferred to root¬ 
ing medium. This is usually a medium that lacks auxins and cytokinins. 
Rooting may be enhanced by dipping the end of the shoot in a sterile 
commercial rooting solution before transfer. When plants are rooted, 
the plant is carefully removed from the medium and transferred to 
damp potting soil. Care should be taken to not injure the root system. 
Plants from culture have very little cuticle and lack good vascular sys¬ 
tem and stomate development (Hughes, 1981). Thus it is important to 
prevent dehydration until the plant can "harden." Dehydration can be 
prevented by covering the pot with a plastic cone, glass, or plastic 
bag. Plants should be kept damp but not wet. When new leaves ap¬ 
pear, the plant is gradually uncovered over a period of several days. 
After plants are sufficiently hardened, they can be transferred to a 
greenhouse for further studies. 


TESTING PLANTS FOR HERBICIDE RESISTANCE. Techniques for 
assaying herbicide resistance are summarized in Table 3. Plants 
regenerated from herbicide-resistant cell cultures may or may not be 
resistant. In some cases the herbicide resistance is apparently lost 
during the developmental process. Unstable herbicide resistance may 
be due to either an epigenetic event, a temporary alteration of the 
genome, or a lack of expression of the phenotype in the whole plant. 
Epigenetic events may be defined functionally as "a stable cellular 
change of the type encountered in normal development" (Meins and 
Binns, 1977; Meins and Lutz, 1980). Epigenetic changes may possibly 
develop in response to selective pressure and may be reversed when 
pressure is removed. 

Table 3. Analysis of Herbicide Resistance in Regenerated Plants" 


A. Detached leaf assay (e.g., paraquat). 

1. Cut leaf disks from leaves of control plants and regenerates 
with cork borer. 

2. Float leaf disks on various levels of herbicide, e.g., both lethal 
and sublethal concentrations. 

3. Incubate in constant light for herbicides that are photosynthet¬ 
ic toxins. 

4. Observe disks at 24 and 48 hr. Resistant leaves wiU remain 
green whereas sensitive plants will show chlorosis or necrosis. 

B. Whole plant assay (e.g., amitrol or glyphosate). 

1. Select your healthy control and regenerate plants about 30 cm 
tall. 

2. Apply solution of herbicide to leaf surface. 

3. Observe response at 1-2 weeks after inoculation. Chlorosis 
and/or wilting will occur in sensitive plants. 


Details given in text, 
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An alternate possibility is that the herbicide-resistant trait may be 
present in the genome but either not expressed or expressed at levels 
too low to protect the plant. Several studies have demonstrated that 
callus derived from sensitive regenerates can express the resistance 
trait (Miller and Hughes, 1980; D. Pratt, personal communication). Pos¬ 
sibly, the genes for herbicide resistance are differentially activated, 
i.e., there may be genes that are expressed only in the callus state 
but not in differentiated plant tissues. It is also possible that the 
trait may be expressed in plant tissues but the metabolic change 
conferring herbicide resistance in vitro may not be sufficient to protect 
the plant. For example, paraquat toxicity is a function of free radical 
formation following reduction and reoxidation of paraquat. Reduction of 
paraquat occurs via electrons from photosynthesis. In cell cultures 
that photosynthesize at low levels, electron flow to paraquat is rela¬ 
tively low. Thus levels of detoxifying enzymes sufficient to protect the 
cell cultures may not protect a photosynthesizing plant where electron 
flow is much higher. 

Resistance may be lost if plants are regenerated from a callus that 
is a chimera of resistant and sensitive cells. If sensitive cells have a 
selective growth advantage on nonselective medium, they may overgrow 
the resistant cell lines to produce a sensitive plant. Alternately, the 
mutant phenotype may not be morphogenic as a pleomorphic effect of 
the resistance trait. In this case only sensitive ceRs will form plant 
tissues. 

Procedures for testing plants for resistance vary with the herbicide 
being tested. In some eases relatively simple assays for plant resist¬ 
ance have been developed that are nondestructive to the plant. In 
other cases whole plant assays must be used. Examples of assay sys¬ 
tems for paraquat and for amitrol and glyphosate are given below; how¬ 
ever, assay systems should be developed for each herbicide indepen¬ 
dently. It should be noted that plants and cell cultures may differ in 
their sensitivity to a herbicide (Watts and Collin, 1978) and that the 
selective level of the herbicide should be determined independently in 
each case. 

Equipment Needed. The following items are necessary for determina¬ 
tion of paraquat toxicity; (a) 50 cm glass petri dishes, (b) herbicide 
dissolved in water at lethal and sublethal levels, i.e., 10'® M, 10"® M, 
and 10"'* M, (c) leaves to be tested (leaves should always be taken 
from the same node of healthy plants as enzyme levels vary with leaf 
and plant age), and (d) 11 mm cork borer. In addition, for determina¬ 
tion of amitrol and glyphosate resistance the following are required: 
(a) syringes, (b) amitrol at 2 gA in water with 326 Tween 20, and (c) 
glyphosate provided as Roundup from Monsanto (McDaniel, personal com¬ 
munication). 

Protocols for Determination of Paraquat Resistance. With a cork 
borer, leaf disks are cut from leaves of control plants and from puta¬ 
tive paraquat-resistant plants. The leaf disks are floated on medium 
containing various levels of paraquat. The disks must be in contact 
with the solution. Covers are placed on the petri dishes, and the 
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dishes are put in an incubator with 24 hr of fluorescent light. It is 
important that aU dishes be exposed to the same light intensity. 

The leaf disks are observed at 24 and 48 hr. Response will vary 
with the intensity of the light. Control leaves will bleach to white or 
brown (depending on the presence of nonchlorophyll pigments in the 
leaf), usuaUy v/ith 24 hr. Resistant leaves will remain green. Partially 
resistant (tolerant) plants win show some bleaching but will require a 
longer period of time to turn white. If desired, chlorophyll loss may 
be monitored by extracting chlorophyll with hot 95* ethanol. 

Protocol for Determination of Amitrol Resistance (S.R. Singler and 
C.N, McDaniel, personal communication). Plants are selected approxi¬ 
mately 30 cm high. A leaf near the top of the plant that is approxi¬ 
mately 5 cm long is chosen. 0.5 mg of amitrol (0.25 ml) is applied to 
the leaf. Sensitive plants will exhibit chlorosis in the meristem area 
within 2 weeks. Eventually, the area will die. Resistant plants will 
not exhibit chlorosis. 

Protocol for Determination of Glyphosate Resistance (SJl. Singer and 
C.N. McDaniel, personal communication). Hants and leaves are selec¬ 
ted as outlined above. 10‘® moles of glyphosate (0.1 ml of Roundup) is 
applied to the leaf. Glyphosate kills the plant roots. Within 1-2 
weeks, wilting will occur. Within a month, the sensitive plants are 
usually dead. Resistant plants do not wilt. The meristem area may 
become chlorotic, but the resistant plants will outgrow the chlorosis. 


GENETIC ANALYSIS. To demonstrate conclusively that herbicide 
resistance from cell cultures has a genetic basis, it is neeesssiry to 
show that the trait can be sexually transmitted to succeeding genera¬ 
tions. Sexual transmission of herbicide resistance has been demon¬ 
strated for psLraquat (Hughes, unpublished; Thomas and Pratt, personal 
communication), for amitrol (Singer and McDaniel, personal communica¬ 
tion), and for picloram (Chaleff and Parsons, 1978; Chaleff, 1980); 
however, clear Mendelian segregation patterns have been demonstrated 
only for picloren-. Picloram resistance was shown to be due to a 
single dominant gene in three mutants and to a sem.idominant gene in 
the fourth mutant (Chaleff, 1980). Thomias and Pratt (unpublished) have 
observed segregation of paraquat resistance and sensitivity in progeny 
fron. backcrosses to sensitive plants as well as in the progeny of self- 
fertilized plants of tomato. Normal Mendelian segregation was not 
observed. Dominant or semidominant nuclear alleles are believed to be 
involved in paraquat resistance in tomato (Thomas and Pratt, unpub¬ 
lished). Paraquat resistance has been transmitted sexually by four 
plants that exhibited paraquat resistance at both the callus and the 
whole plant level (Hughes, unpublished). However, the trait is 
trai^mitted to only about 2% of the progeny (Hughes, unpublished). In 
addition, more than 50* of the seeds from self-pollinations and cross 
pollinations were inviable. Both the high levels of inviable seed and 
the low segregation frequencies may be due to accum.ulation of addi¬ 
tional mutations and chromosome aberrations as a result of extended 
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periods in culture prior to regeneration. Alternatively, plants may be 
aneuploid. Thus plants should be regenerated from resistant cell lines 
as quickly as possible. We are currently in the process of growing 
Ri plants that are resistant to paraquat for further segregation test. 
We hope that the next sexual generation of plants will have lost some 
of the sterility barriers while retaining the trait. 

The procedure we use for determining segregation of herbicide resist¬ 
ance from plants that express the trait is given below. It should be 
noted when the trait is expressed in callus but not at the whole plant 
level, all jS'Ogeny from a cross must be grown, and eaUus derived from 
each progeny plant must be tested for resistance. 

Equipment Needed. The following items are recommended: (a) selec¬ 
tive medium, 25 ml in 150 x 20 mm petri dishes (seed germination agar 
is half strength MS medium without growth regulators); (b) small funnel, 
125 ml flask, and wash water; (c) sterile water; and (d) spatula. 

Protocol. The level of herbicide is determined that is lethal to 
seeds from control plants. This may be different from the levels used 
to select for herbicide resistance in cell cultures. For paraquat- 
resistance, the selective level is 10'^ M. 

The cultures are observed every 2-3 days to determine the herbicide 
level in the medium that blocks germination of 100% of the control 
seeds. For N. tabacum, a 2 week period on selective medium is 
sufficient to determine the selective level. 

Selective medium is prepared containing the restrictive level of the 
herbicide. Then 25 ml is dispensed to 150 x 20 mm petri dishes and 
sterilized. Seed from a resistant plant (self-poUinated or cross polli¬ 
nated) is washed in a 10% solution of Clorox for 10 min. The seeds 
are poured through the nitex cloth suspended in a funnel. The seeds 
are washed with sterile water. With a spatula, the seeds are scraped 
off the nitex cloth and resuspended in a small volume of sterile water. 
The volume will depend on the number of seed, but no more than 1 ml 
of water should be distributed to any petri plate. The beaker is 
swirled to keep the seed suspended and a small amount poured on each 
plate. Each plate is sealed with parafUm and examined at weekly in¬ 
tervals until germination begins. The number of surviving seedlings is 
counted. Once seedlings are determined to be resistant, they may be 
transferred to seed germination medium for further growth and finally 
to soil following techniques given above. 


FUTURE CONSIDERATIONS 

The constantly expanding world population will insure a continuing 
need for improving crop species and increasing yields. It will be nec¬ 
essary to use all technologies at hand in this effort, and tissue culture 
techniques will certainly play a major role. Herbicide resistance is 
one of several areas that have been identified as important to future 
crop productivity. 
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If tissue culture techniques are to be effective in the development of 
herbicide-resistant plants, several problems must be addressed. These 
are problems that are shared by the general area of mutant isolation 
from plant cell culture. Among the most important of these problems 
is the question of variability from culture systems, i.e., where it comes 
from, the genetic and metabolic basis for the variability, and how it 
can be controlled. 

Another problem is that little is known about the metabolic basis for 
herbicide resistance. For any herbicide there are probably numerous 
mechanisms by which cells and plants can avoid toxicity, including up¬ 
take, metabolism of the herbicide, and detoxification of the herbicide. 
Very few studies have been devoted to determining mechanisms of 
resistance (Harvey et aL, 1978; Harper and Harvey, 1978). If a speci¬ 
fic physiological basis for herbicide resistance can be determined and 
correlated with specific genetic elements, it may be possible to isolate 
and transfer genes for herbicide resistance via recombinant DNA tech¬ 
nology. The next few years should see marked progress in this area of 
research. 

Tissue culture techniques offer several advantages in developing her¬ 
bicide-resistant plants. (1) The techniques for selection are relatively 
rapid. (2) Small volumes of cells represent the genetic potential of 
hectares of fields. (3) Metabolic studies are facilitated by uniform and 
sterile condition (Gressel et al., 1978). (4) Possible new types of resis¬ 
tance not found in nature may be obtained from plant cell cultures. A 
great deal of research will be required to solve some of the basic 
questions addressed above; however, the effort should be well worth 
the cost in terms of the potential benefits to be derived from genetic¬ 
ally engineered herbicide resistance in higher plants. 
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CHAPTER 12 

Selection for Stress Tolerance 

M. Tal 


Adaptation of plants to extreme environments can best be defined by 
applying Levitt's (1980) terminology, which provides a coherent frame of 
reference for the analysis of the response of plants to environmental 
stress. Extreme environments include those environments that poten¬ 
tially can cause stress to the organism exposed to them. A stress can 
be any environmental factor capable of eliciting from the plant a harm¬ 
ful chemical or causing a physical strain (change), which may be either 
reversible (elastic) or permanent (plastic). The resistance of the plant 
to a stress can operate through avoidance and/or tolerance mechanisms. 
In general, different kinds of stress resistance have been recognized 
(Levitt, 1980); (1) stress avoidance, i.e., excluding the stress and thus 

avoiding its potential strain, (2) stress tolerance due to strain avoid¬ 
ance, and (3) stress tolerance due to strain tolerance, which may result 
from an increased ability to repair the injury or elevation of the thres¬ 
hold level of tolerance of the affected constituents by increasing the 
elasticity of their response. In strain avoiders the stress does not in¬ 
duce any strain, even though the stress penetrates the plant, and the 
plant can, therefore, complete its normal life cycle. In strain-tolerant 
plants the normal activities are impaired under stress, and normal 
growth and development are renewed only when the stress is removed. 

Blum (1980) suggested, in addition to the physiological or ecological 
definition of stress and resistance to stress, an agronomic definition 
which includes the individual physiological processes and the integrated 
plant responses leading to economic yield. His specific agronomic defi¬ 
nition of drought stress and droi^ht resistance can be used to define 
nny stress and resistance. Accordingly, a stress can be any environ- 
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mental factor capable of reducing the yield below the potential level, 
i.e., the highest possible yield for a given set of conditions. 

In my opinion adaptation represents a whole spectrum of hereditary 
capabilities, which are the product of natural selection or breeding by 
man. These capabilities either enable the organism to resist a stress 
only after a gradual change during development or, if developmentally 
more "canalized" (Waddington, 1962), enable the organism to resist a 
stress relatively independently of developmental stage and environmen¬ 
tal factors, i.e., independently of the immediate existence or absence of 
the stress. The position held by resistant plants between these two 
extremes depends on their evolutionary history. 

The study of stress phenomena and the related resistance mechanisms 
in plants is important because large areas worldwide cannot be utilized 
for food production because of the limitations imposed by natural or 
man-made environmental stresses. The increase of population pressure 
requires maximizing the efficiency of the use of cultivated land and in¬ 
creasing the utilization of marginal soils. Because of the economic im¬ 
pact of stresses and the large amount of energy required to alter the 
environment to suit the plant, it is becoming increasingly important to 
utilize the existing technologies and to develop new ones in order to 
develop plants that are better adapted to stress. Such development 
can be made mainly by exploiting natural or induced genetic variabili¬ 
ty, along with a physiological study of the imderlying mechanisms. 
Since plant resistance can be the product of many complex interrelated 
mechanisms, physiological studies can help the breeder identify those 
specific characteristics to be modified while planning efficient selection 
(Nabors, 1976; Kramer, 1980). 

In the last decade tissue culture techniques have been recognized as 
a powerful tool for breeding work (Binding, 1974; Chaleff and Carlson, 
1974, 1975; Street, 1975). One approach to genetic modification by 
using tissue culture is the selection of mutants. The possible contribu¬ 
tion to agriculture of spontaneous or induced mutations selected 
through tissue culture has been previously reviewed (Nabors, 1976; Wid- 
holm, 1976; Chapter 10). To isolate mutations expressed in tissue cul¬ 
ture, the use of haploid tissues would probably be most desirable (Zenk, 
1974). However, since stable haploid cultures are still not easy to 
obtain, diploid tissues can be used for selection of dominant or semi¬ 
dominant mutations (Chaleff and Parsons, 1978). A given variant sel¬ 
ected in tissue culture is established unequivocally as arising by muta¬ 
tion only when the following criteria are met; (a) low frequency of 
appearance, (b) stability when not in contact with the selective agent, 
(c) stability during the regeneration of whole plants, and (d) inheritance 
thro^h the sexual cycle (Flick, Chapter 10). Although inheritance 
provides the most convincing and unequivoc^ evidence, only a few 
cases of altered phenotypes obtained in tissue culture were character¬ 
ized in this way because of difficulties in the regeneration of whole 
plants, self-fertilization, and progeny testing for a particular trait 
(Chapter 10). 
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Another possible approach to genetic modification by using tissue 
culture may be the production of somatic hybrids by the fusion of 
naked protoplasts derived from plant species that cannot hybridize 
sexually. tactically nothing has yet been accomplished by this 
technique in improving plant adaptation to extreme environments. The 
only preliminary accomplishment was reported by Smillie et al. (1979). 
They suggested that somatic hybridization may be used for transferring 
chilling resistance from potato (Solanum tuberosum L.) to tomato (Lyco- 
persicon esculentum Mill.), a chillir^-sensitive species. 

Riysiological studies of the mechanisms of stress resistance can also 
benefit by using tissue culture. It may serve as an excellent model 
system in the study of mechanisms operating on the whole plant. Some 
of the advantages in using tissue or cell culture for physiological stud¬ 
ies include (Babaeva et al., 1968; Ogolevets, 19765 Croughan et al., 
19785 Singh, 1979, 1981) (1) homogeneity of the cell population, thus 
avoiding the complications that may result from the morphological vari¬ 
ability and a highly differentiated state characteristic of the various 
tissues of the whole plant, (2) growth of tissues or cells on defined 
media in which they can be treated uniformly and in a controlled way, 
(3) the ability to perform experiments throughout the year since growth 
is independent of seasonal fluctuations of the environment, (4) the abili¬ 
ty to study the response of tissues or cells isolated from different parts 
of the plant and thereby reveal the relative contribution of these parts 
to the resistance of the whole plant, (5) its use to differentiate be¬ 
tween mechanisms which operate on the cellular level only and those 
which depend on the organization of the cells in the whole plant, and 
(6) the suitability of naked protoplasts for studying aspects of mechan¬ 
isms related to changes in membrane characteristics. 

The unique limitations of the tissue culture technique should be re¬ 
membered during its application; (1) A variant that appears in tissues 
or cells in culture may be due to an inherited modification, which is 
expressed only in tissue culture, or to an epigenetic change resulting 
from the effect of stress on a process specific to culture without paral¬ 
lel in the whole plant. Bassiri and Carlson (1978), for example, demon¬ 
strated that callus from common bean (Phaseolus vulgcris L.) had a dis¬ 
tinct isozyme pattern, which was independent of its tissue of origin. 
(2) Selection through tissue culture techniques cannot be applied for 
mechanisms that are expressed only on the differentiated multioellular 
level. Such mechanisms can be selected only by screening on the level 
of the whole plant (Nabors, 1976). (3) Cytological and nuclear changes 
together with progressive loss of totipotency frequently occur in cul¬ 
ture (Street, 19755 Nabors, 1976). 

Summing up the above discussion, it can be stated that an efficient 
program for improving plants in general and for adapting them to 
extreme environments should include genetic and physiological studies 
to be conducted on the whole plant level as well as on the level of 
isolated tissues and cells. In the following section the application of 
tissue and cell culture techniques in the study of the genetics and 
physiology of plant adaptation to extreme environment will be dis¬ 
cussed. 
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LITERATURE REVIEW 

The application of tissue and cell culture techniques to the improve¬ 
ment of the adaptation of plants to stresses is relatively recent, and 
the published data on this aspect, especially on its genetic applica¬ 
tions, are very limited. Progress in the selection of cell lines resistant 
to various environmental stresses has been recently described very 
briefly (Dix, 1980). The discussion here will deal mainly with stresses 
that produce the most profound effects on plants in nature and that 
receive most attention, i.e., temperature, water, salt (includii^ ions), 
and radiation stresses. With regard to temperature, only low-tempera¬ 
ture stresses will be dealt with here, since nothing could be found in 
the literature on the effect of heat stress on tissue culture. Each 
stress wiU be discussed separately, including the main injuries incurred 
and the resistances against them, as in Levitt (1980). The review in¬ 
cludes accomplishments related to genetic and physiological aspects of 
stress phenomenon in tissue and ceU culture. 


Low-Temperature (Chilling and Freezing) Stress 

The stress due to low temperature is difficult to define quantitative¬ 
ly, since the threshold temperature under which a strain is induced in 
sensitive plants depends on the tissue. However, for most plants a 
chilling stress can be imposed by any temperature between 10-15 C 
and 0 C (Levitt, 1980). Only plants from tropical or subtropical 
regions are sensitive to this stress. Primary direct effects of this 
stress appear within hours from the initiation of the stress. These 
effects include changes in membrane permeability and consequent 
leakage. Primary indirect effects, which appear within days or weeks, 
are characterized by metabolic disturbances. Secondary effects of 
chilling may include water stress due to decreased permeability of the 
root to water. Direct or indirect, the two major symptoms of cells 
injured during chilling are the abrupt loss of the semipermeability of 
membranes and the alteration of the respiratory activity (Yoshida and 
Niki, 1979). 

Practically, only tolerance mechanisms enable the plant to survive 
the effects of chilling strains. No avoidance-related changes have 
evolved, since the temperature of the plant is almost equal to that of 
its environment. Modern theory explains all kinds of chilling injuries 
by a temperature-dependent transition of membrane lipids from liquid 
crystalline to solid state and possibly also a temperature-dependent 
alteration in the hydrophobic nature of membranal proteins (Levitt, 
1980). All these changes may lead to a secondary injury resulting in 
metabolic imbalance. The ability of membrane lipids in resistant plants 
to remain in a liquid state during chilling was explained by the 
presence of a high proportion of unsaturated fatty acids (Lyons and 
Raison, 1970) and/or an increased content of sterols (McKersie and 
Thompson, 1979). 

Freezing stress is a shortened way of saying "freezing low-tempera¬ 
ture stress," because freezing is not a stress but a strain produced by 
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low-temperature stress, i.e., the plant can be exposed to temperatures 
below 0 C and remain unfrozen. 

Freezii^ injury, in contrast to chilling injury, can occur in all 
plants. Because of its prevalence, freezing injury has been studied 
more intensively. One of the practical applications adopted in recent 
years from such studies is the freeze-storage of tissues for establishing 
germplasm banks (Chapter 28). 

During freezing, ice is usually formed extracellularly. Because of 
efflux of water from the cell to the intercellular space as a result of 
the ice formed, a secondary water stress, which causes dehydration 
strain, is formed. Increase of solute concentration and collapse of the 
cell are the consequences of this dehydration. Freezing tolerance is 
the main component of freezing resistance, since the plant cannot avoid 
the freezing stress. According to Levitt (1980), the major kind of tol¬ 
erance to freezing stress developed by the plant is the tolerance to 
the secondary water stress. Adaptation to freezing stress in most 
freezing-tolerant plants is built by gradual changes during the autumn 
(Quamme, 1978). The strain induced by temperatures below 0 C can 
be avoided by (1) the accumulation of antifreeze substances, (2) mini¬ 
mizing the amount of freezable water by dehydration, and (3) increasing 
the ability of supercooling (undercooling). According to Quamme 
(1978), the ultimate level of deep supercooling appears to be the major 
limitation to the northern distribution of many fruit species and for 
genetic improvement of freezing tolerance. 


GENETIC STUDIES. Early attempts to select low-temperature-resist- 
ant lines in culture were made by Steponkus (in Dix, 1980), using callus 
of Hedera helix L. None of the selected lines displayed stable resist¬ 
ance to freezing temperattmes. 

Suspension cell cultures of Nicotima sylvestris Speg and Comes and 
Capsicum armuum L. both exposed or unexposed to the mutagen ethyl 
methane sulfonate (EMS), have been submitted for 21 days to -3 C and 
5 C, respectively (Dix and Street, 1976). The cell lines derived from 
the surviving cells were tested for their resistance to a chilling treat¬ 
ment. Some of the lines showed no increased survival when subjected 
again to the stress, while others retained their resistance after a long 
period of growth at 24 C. The treatment with the mutagen promoted 
the isolation of such stable resistant cell lines. 

In another experiment (Dix, 1977), callus and suspension cell cultures 
of Nicotiana sylvestris were exposed to a chiUii^ treatment of 21 days 
at 0 C and -3 C, respectively. Cell lines with enhanced chilling resis¬ 
tance were selected: two lines with high resistance and three with a 
low level of resistance. Attempts made to regenerate plants from 
these lines succeeded with the low-resistance lines only. Tissue cul¬ 
ture developed from the sexually propagated progeny of the regenerated 
plants did not show any improvement of the chilling resistance when 
compared with cultures derived from sensitive control plants. 

Tumanov et al. (1977) reported on the selection of callus cells resist¬ 
ant to freezing temperatures. Callus derived from seedlings of Picea 
exoelsia (Lam.) Link was passed through two phases of hardening treat- 
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ment and then subjected to freezing temperatures. Frost-resistant cells 
were found capable of growing under optimal conditions after this 
treatment. No plants were regenerated from this callus, and no genet¬ 
ic study was conducted to clarify whether this capability is inherited. 

None of the few reported experiments aimed at the selection of 
chilling or freezing-resistant mutations includes an unequivocal demon¬ 
stration that the selected variant is a true gene mutation, i.e., being 
expressed in regenerated plants and transferred through the sexual 
cycle. The retention of the resistance characteristics in tissue culture 
grown under optimal temperatures and exposed again to chilling stress 
is not unequivocal proof of its genetic nature, since epigenetic changes 
might be retained in tissue culture for several passages without being 
exposed to the selection pressure (Dix, 1977). None of the reported 
variants obtained through selection in tissue culture has been the sub¬ 
ject of a physiological study to identify the underlying mechanismfe) 
responsible for the acquired resistance. 


PHYSIOLOGICAL STUDIES. Chilling. Considerable information 
exists on the problem of chilling injury, especially from the biochemical 
point of view. Most of this information is based on research made on 
the level of the whole plant. 

Representative studies on the level of tissue or cell culture will be 
discussed here. Yoshida and Niki (1979) and Yoshida and Tagawa 
(1979) studied the changes that occur during early stages of cell injury 
by ehUling in callus tissue derived from Cornus stolmifera Miehx., a 
chilling-sensitive species, and Sambucus sieboldiana (Miq.) Graebn., a 
chilling-resistant species. They concluded that in the chillii^-sensitive 
callus the early cellular responses associated with chilling injury in¬ 
clude a change in the regulation of electron apportionment between the 
ordinary pathway of respiratory electron transport and an alternative 
pathway of respiration that is characterized by its insensitivity to 
cyanide and its inhibition by calicylhydroxamic acid. 

Breidenbach and Weu'eing (1977) compared cells in suspension culture 
and seedlings of tomato, a chilling-sensitive plant, with respect to their 
response to chilling temperature of 10 C or below and found that 
growth and cellular activities related to cell viability were sharply 
lowered in both. They suggested, therefore, that cells in culture can 
be used as a model system instead of the complex tissues of the whole 
plant in the study of membrane modifications through cooling. 

The first research designed to elucidate the ultrastructural responses 
of chilling-sensitive cultured cells within a short period of chilling 
treatment was performed by Niki et al. (1978). They concluded that 
the crucial event leading to irreversible cell decay under chilling stress 
may be the rupture of the tonoplast, thus disturbing the compartmenta- 
tion of lytic enzymes. Such compartmentation is essential for msdntain- 
ing normal cell functions. 

Naked protoplasts were also used in the study of the effects of a 
chilling stress on plant cells. It was found that a pretreatment at a 
low temperature improved the vitality of protoplasts isolated from 
tobacco and cereals (in Muehlbach and Thiele, 1981). Tal and Watts 
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(1979) obtained a larger yield of viable protoplasts, as expressed by 
their plating efficiency, from tomato plants grown under temperature of 
15 C and high humidity than from those grown at 25 C and low humid¬ 
ity. The possibility that changes occurring in membrane characteristics 
due to low temperatures are related to protoplast yield and viability 
was discussed. Yamada et al. (1980) found that cells cultured at a low 
temperature (10 C) contained a larger proportion of phospholipids of 
low transition point than those cultured at a normal temperature (25 
C). Whether such a change may explain the increase of yield and viar 
bUity of protoplasts isolated from plants grown under low temperatures 
remains to be elucidated. 

Muehlbach and Thiele (1981) reported that the plating efficiency of 
fresh protoplasts isolated from tomato leaves and incubated in a medi¬ 
um eontainii^ mannitol at 29 C was raised if pretreated at 7 C for 12 
hr. This positive effect of mannitol disappeared if the medium used 
during chilling was replaced by a fresh one. They su^ested, therefore, 
that in the cold the protoplasts produce and excrete a factor that im¬ 
proves the vitality of the cells and/or stimulates cell division. Chilling 
of the protoplasts in a medium containing glucose, which, unlike manni¬ 
tol, enhances the rate of ceU division at 29 C, resulted in serious in¬ 
jury. Muehlbach and Thiele (1981) suggested, therefore, that chilling 
sensitivity of the protoplasts is related to their ability to divide. 

Freezing. Callus tissue was used by Ogolevets (1976) in a study of 
the effects of freezing stress on plant cells. It was shown that cul¬ 
tured tissue of sour cherry {Pruims cerasus L,), apple (Malus species), 
and lemon (Citrus limon (L.) Burm.) behaved similarly to the whole 
plant upon hardening; although cherry and apple ealli became resistant 
to freezing after this treatment, the lemon callus remained unhardened. 
The authors concluded that these tissues in cultures can be used for 
clarifying the resistance properties of the whole plant. 

Chen et al. (1979) compared the adaptability of a callus derived from 
the freezing-sensitive cultivated potato with that of a callus derived 
from a resistant wQd potato species Solanum acaule and S. commersonii 
Dunal. ex Poir. and found that only the callus of the latter species was 
capable of hardening to the same level as the mature leaf. They sug¬ 
gested, therefore, that the callus tissue can be used in studies of the 
adaptation of potato to freezing. 

Toivio-Kinnucan et al. (1981) followed the ultrastruetural changes 
that occurred in caUi originated from the frost-sensitive cultivated po¬ 
tato and from its frost-resistant wild relative during the first 15 days 
of frost hardening. A^egation of membrane protein particles was 
monitored during the first 10 days in the callus of the resistant species 
only, the aggregates disappearing later. They explained this phenome¬ 
non as an adaptive temperature-dependent mechanism that allows the 
alteration of the transition-point temperature of the membrane lipids. 

Naked protoplasts were suggested as a very suitable material for the 
study of the involvement of surface membranes in freezing injury, be¬ 
cause of the absence of the structural characteristics of plant tissues 
as well as the absence of a cell waU. Naked j^otoplasts can, there¬ 
fore, be compared with cells of microorganisms and animals with re- 
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speet to their reaction to freezing (Wiest and Steponkus, 1978), Singh 
(1979) suggested that the involvement of surface membranes in freezing 
tolerance may best be studied in protoplasts isolated from hardened and 
nonhardened winter rye (Secale cereale L.). He elaborated a technique 
to isolate a large amount of viable protoplasts, which retained the dif¬ 
ference in sensitivity characteristic of the whole plants. A positive 
correlation between the reaction of isolated protoplasts to freezing 
stress and that of intact tissues from which the protoplasts were iso¬ 
lated was also found in black locust (Hobinia pseudoacacia L.) trees by 
Siminovitch (1979). He also demonstrated that the resistance to freez¬ 
ing injury correlated to the resistance to plasmolysis injury, a finding 
that is in agreement with the suggestion that freezing injury mainly 
results from its dehydrating effect (Levitt, 1980). 

The contribution of the physiological studies on the level of tissue or 
eeU culture to the understanding of the mechanisms responsible for 
low-temperature resistance is still very limited. It was demonstrated, 
however, that in many cases tissue culture can be used as a relatively 
simple model system, which may facilitate the study of processes and 
mechanisms related to low-temperature resistance operating on both 
whole-plant and single-cell levels. The positive correlation between 
the responses of the two levels is not surprising, since, as mentioned 
above, the low-temperature stress penetrates the cells; hence the resis¬ 
tance to this stress depends in most cases on tolerance mechanisms 
operating at the cellular level. 


Salt Stress 

Excess salt, usually NaCl, is the most widespread chemical condition 
inhibiting plant growth in nature (Casey, 1972; Epstein, 1976). 

The major efforts to circumvent salinity in the past have been direc¬ 
ted toward soil reclamation and water desalination—practices that are 
becomirig increasingly expensive. These efforts must, therefore, coin¬ 
cide with measures to improve the salt resistance of crops through 
genetic modification (Casey, 1972). In some species the diversity of 
salt resistance among cultivars seems quite extensive, and conventional 
breeding techniques are being used to improve their salt resistance 
(Epstein, 1976). In many species with little diversity for salt resist¬ 
ance, promising approaches would be either to use variation existing in 
wild relatives or to use tissue culture techniques for selection of 
mutations for salt resistance. 

According to Levitt (1980), "if the salt concentration is high enough 
to lower the water potential appreciably (0.5-1.0 bar), the stress will 
be called a salt stress." Salt stress may have primary and secondary 
effects. Primary salt injuries may include direct, specific toxic effects 
as well as indirect effects, such as metabolic disturbances and inhibi¬ 
tion of growth and development. Secondary salt effects include nutri¬ 
ent deficiency and osmotic dehydration. The estimation of the contri¬ 
bution of the primary and secondary effects to salt injury is still an 
open question. 
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The relative contribution of the specific toxic effect and the osmotic 
effect of salt to its general negative influence on the plant has been 
disputed for a long time. While Strogonov (1973) favors the idea that 
the specific toxicities of the ions are the most crucial factor, Bernstein 
(1963) claims that the negative osmotic effect of salt is the primary 
cause of salt damage. 

Salt resistance includes both avoidance and tolerance mechanisms. 
The former may operate through passive exclusion of ions because of 
membrane permeability, active extrusion by ion pumps, or dilution by a 
rapid growth accompanied by an increase of water content (succulence). 
Osmotic stress is an unavoidable consequence of growth in a solution of 
high salt concentration and is followed by a loss of turgor. Tolerance 
to such a stress may operate either through dehydration tolerance, 
which permits the cell to survive without growing when turgor decreas¬ 
es, or through avoidance of dehydration by increasing the content of 
solutes in the cell following its rehydration, a process called osmoregu¬ 
lation. The solutes may be salt ions, which can be tolerated in the 
cytoplasm or be excluded into the vacuole, while being osmotically bal¬ 
anced by organic solutes in the cytoplasm. The solutes may also be 
organic substances. The accumulation of the latter as the major osmo- 
tica is accompanied by the prevention of salt ions from entering the 
cell. Greenway and Munns (1980) recommended that when breeding for 
salt resistance, concentration be placed on the ability of the plant to 
synchronize between an effective compartmentation of the absorbed sol¬ 
utes by the leaf cell and a high rate of transport of these ions to the 
shoot. 

Some central, stiU unsolved aspects related to the mechanism of salt 
resistance are (1) the properties of the plasmalemma that control the 
uptake of the salt ions, (2) the nature and location of ion pumps, (3) 
the control of the synthesis of specific organic solutes under siinity, 
(4) the maintenance of the semipermeability of the plasma membrane in 
salt solutions, and (5) the control of salt-induced accumulation of toxic 
substances (Levitt, 1980). 


GENETIC STUDIES. The advantage of the tissue culture technique 
for selecting salt-resistant mutants was discussed by Melchers (1972). 
This approach was applied successfully by Zenk (1974), who selected a 
cell line that was able to grow on medium containing 0.17 M NaCl, on 
which control cells could not grow, from haploid culture of Nicotiana 
sylvestris. The resistance of this line was stable in culture for many 
passages of saline medium. 

Nabors et al. (1975) selected NaCl-resistant cell lines from Nicotiana 
tabacum L. cell-suspension culture treated by the mutagen EMS and 
then grown in a medium containing 0.03 M NaCl. Cells derived from 
these lines even resisted concentrations as high as 0.09 M NaCl in the 
medium. Most of the control cultures did not grow on the saline medi¬ 
um, Few of them, however, remained alive, and after several transfers 
started to grow fast. This growth was ex^ained by the appearance of 
spontaneous dominant mutations. 
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Another successful selection was reported by Dix and Street (1975), 
who selected a number of cell lines of Nicotima sylvestria and Capsi¬ 
cum amuum capable of growing in liquid medium containing up to 
0.34 M Nad. Some of these lines retained the resistance to salt after 
several subcultures in media lacking NaCl. Plants were regenerated 
from resistant cell lines obtained after either two or six passages in 
media containing 0.34 M NaCl (Dix, 1980). Calli initiated from the 
leaves of these two groups of plants were tested for their ability to 
grow in NaCl medium. While callus of the former plants showed only 
limited sectorial growth, if any, that of the latter grew as the original 
resistant cell lines. 

Croi^han et al. (1978) isolated NaCl-resistant cells, which could 
grow on a medium containing 0.17 M NaCl, from a cell culture of alfal¬ 
fa (Medicago sativa L.). The selected line behaved like a halophyte in 
some respects, including the need for salt for optimal growth, mainten¬ 
ance of high level of K'*’ in the presence of high levels of Na+ and in¬ 
creased level of NO 3 at low salt concentration, NO 3 probably replacing 
C1-. 

Similar results were obtained by Rains et al. (1980) with rice (Oryza 
sativa L.) cells selected for salt tolerance. Cells selected in the pre¬ 
sence of 0.26 M NaCl, a concentration lethal for the unselected cells, 
required the presence of 0.09 M NaCl for optimal growth. They 
suggested that the selected and unselected cells of ^alfa and rice 
differed in the ion transport systems. 

Kochba et al. (1980) reported the isolation of "Shamouti" orange {Cit¬ 
rus sinensis (L.) Osb.) callus lines with increased resistance to NaCl, 
The resistance was maintained in embryos obtained from these lines. 

Nabors et al. (1980) reported the inheritance of salt resistance in 
plants regenerated from selected NaCl-resistant cells. Cell-suspension 
culture of Nicotiana tabacum was exposed to increasing levels of NaQ, 
and cell lines resistant to NaCl concentrations up to 0.88% were selec¬ 
ted. The resistance was maintained in the progeny of plants regener¬ 
ated from culture for the two subsequent generations examined. The 
level of resistance in the progeny of the regenerated plants was higher 
than in the original resistant cells in culture. 

Bressan et al. (1981) found that cultured cells selected for resistance 
to drought imposed by polyethylene glycol were also more resistant to 
NaCl than unselected cells. The possible use of nonpenetrable osmo- 
tica for selecting mutations resistant to the osmotic effect of salt 
stress should, therefore, be taken into consideration. 

Goldner et al. (1977) classified the possible mutations selected for 
resist£uice to salt stress in tissue culture into three major groups: ( 1 ) 
mutations resistant to osmotic stress, ( 2 ) mutations resistant to stress 
caused by high concentration of total salts, and (3) mutations resistant 
to stress caused by specific ions. They recommended that specific pro¬ 
cedures be designed for the effective selection of mutants of each of 
these groups. They also suggested that the selection technique used 
by Zenk (1974), Dix and Street (1975), and Nabors et al. (1975), who 
subjected suspension culture to NaCl, is suitable for the selection of 
mutants of the first group. 
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PHYSIOLOGICAL STUDIES. The advantages of using tissue and cell 
cultures as model systems to answer questions related to the mechan¬ 
isms of salt resistance operating at the whole plant level have been 
demonstrated in several investigations. 

One of the earliest investigations of the effect of salt on plant tissue 
culture was reported by Babaeva et al. (1968). Tissues isolated from 
different parts of carrot root and calli derived from these tissues dif¬ 
fered in their salt resistance. An additional interesting observation 
was that NaCl at grovrth-inhibitory concentrations induced ploidy 
changes. 

Kulieva et al. (1975) suggested that Crepis capHlaris Wallr. cells 
growing in culture can be used in studies of the cellular effects of 
salt, since they are very sensitive to salinity and are also genetically 
stable. 

Some attempts to estimate the relative contributions of primary and 
secondary effects of salt to injury were recently made usii^ tissue cul¬ 
ture (Goldner et al., 1977). The investigators compared the effects of 
seawater, solutions of different inorganic salts, and mannitol on the 
growth and coloration of diploid callus originating from carrot root 
{Paucus carota L.). From these experiments they concluded that 
growth inhibition resulted mainly from the increase of the osmotic pres¬ 
sure, while discoloration and necrosis resulted from the toxicity of salt. 

Chen et al. (1980) grew callus of Nicotiana tabacum in media con¬ 
taining various concentrations of seawater or NaCl. They found that a 
solution of a single salt (NaCl) was more toxic to the tissue than sea¬ 
water of the same overall salt concentration. They recommended, 
therefore, in agreement with Epstein and Norlyn (1977), that the selec¬ 
tion of salt-resistant mutants should be made using a stress caused not 
by a single salt but by seawater, which better represents the salt solu¬ 
tions existing in nature. 

An experiment aimed at increasing the understanding of the role of 
osmotic adjustment in the adaptation of plant cells to salt was repor¬ 
ted by Heyser and Nabors (1981). According to them, such an under^ 
standing is helpful in isolating salt-tolerant mutants. Callus of Nicoti- 
ana tabacum was adapted to NaCl by exposing it to increasing salt 
concentrations. Adapted and nonadapted calli were transferred to sus¬ 
pension culture and tested for their reaction to salt. The addition of 
NaCl to the medium reduced the growth of both kinds of cells equally. 
A specific toxic effect was suggested as the cause of NaCl inhibition 
of growth. No obvious qualitative differences were found in the 
osmotic adjustment of adapted and nonadapted cells. 

The contribution of the mechanisms of salt resistance operating on 
the cellular level to the resistance of the whole plant has been exam¬ 
ined in a series of works. 

The response to NaCl of calli originated from four glycophytic and 
one halophytic species differing in their resistance was compared (Stro¬ 
gonov, 1973). While the response of calli originating from the glyco¬ 
phytic species was correlated to the response of the whole plants to 
salinity, no such correlation existed in the halophyte, i.e., ealliis origi¬ 
nating from the latter was much more sensitive than that of the most 
salt-sensitive glycophyte. 
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The effect of NaCl on calli of four species, two glycophytes and two 
halophytes differing in salt resistance, was studied by Smith and 
McComb (1981). A positive correlation was found between the response 
of the two glycophytes and the caUi derived from them; Phaseolus vul¬ 
garis was sensitive, while Beta vulgaris L. was more resistant to salt 
on both the whole plant and tissue levels. On the other hand, no such 
correlation was found in the two halophytes Atriplex undulata D, Dietr. 
and Suaeda australis (R. Br.) Moq. The investigators concluded that, in 
contrast to the glycophytes, salt resistance in the halophytic species 
depends on the anatomical and physiological integrity of the whole 
plant and not on cellular properties. Hence cells of these plants are 
not able to resist salt when they dedifferentiate to form callus. 

A positive correlation between the response of the whole plant and 
callus derived from it was found in other halophytic and glycophytic 
species. Von Hedenstrom and Breckle (1974) examined the growth of 
callus derived from the halophyte Suaeda maritima (L.) Dumort. in 
media containing various concentrations of NaCl. As with the whole 
plant, the callus was able to grow in medium devoid of salt, and its 
growth was imEwoved by salt added to the medium. Tal et al. (1978) 
found that cells which originated from leaves, stems, and roots of the 
cultivated tomato and two of its salt-tolerant wild relatives, Lycopersi- 
con peruvianum (L.) Mill, and Solarium pemellii Corr., behaved in a 
similar fashion to the whole plant under salinity. They concluded, 
therefore, that the better osmotic adjustment, which characterizes the 
wild species under high salinity, is operating at the cellular level and 
does not depend on the organization of these cells in the whole plant. 
Accordingly, protoplasts isolated from leaves of L. peruvianum divided 
and grew better on a saline medium than those of the cultivated spe¬ 
cies (Rosen and Tal, 1981). A similar finding for callus was reported 
by Orton (1980), who compared the response to salt of caUi derived 
from salt-sensitive and salt-resistant species of barley {Hordeum vulgare 
L.). 

An attempt to use NaCl-resistant cell lines of N. sylvestris for in¬ 
vestigating the underlying basis of resistance to high salinity was 
reported by Dix (1980). On the basis of X-ray microanalysis it was 
suggested that the accumulation, or sequestering, of Na"*" and Cl* ions 
in a particular subcellular compartment cannot be the mechanism re¬ 
sponsible for salt resistance in N. sylvestris cell cultures. 


Drought Stress 

The interest in the effect of drought stress on plants results mainly 
from the need to better understand the problems to which economically 
important crop plants are exposed when water is a limiting factor. 
Kramer (1980) suggests that the worldwide losses in yield caused by 
water shortage are greater than those caused by aU other causes to¬ 
gether. 

Drought stress, which is commonly used for describing an environmen¬ 
tal stress of sufficient duration to produce water stress in the plant 
(Kramer, 1980), is the least measurable of all environmental stresses 
(Levitt, 1980). 
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Drought stress can be a primary stress, produced by water deficit in 
the environment surrounding the plant, and a secondary stress, induced 
by either chilling, freezing, heat, or salt stresses (Levitt, 1980). 
Drought stress can induce various kinds of primary, direct, or indirect 
injuries, including growth inhibition, starvation, accumulation of protein 
and toxins, biochemical lesions, enzyme inactivation, and ion leakage. 
It can also induce secondary stresses, such as heat and nutrient defici¬ 
ency. 

Drought resistance can operate through avoidance and tolerance 
mechanisms (Levitt, 1980). Drought can be avoided by conservation of 
water or a fast supply of water, enough to compensate for a rapid loss. 
Avoidance protects the plant against all kinds of drought injuries by 
maintaining a high internal water potential in spite of a decrease in 
the water potential externally. In contrast to drought avoidance, 
which infers a general protection against drought injury, drought toler¬ 
ance is highly specific and includes at least six possible types of toler¬ 
ance. Levitt (1980) classified it into two major components: dehydra¬ 
tion avoidance and dehydration tolerance. Dehydration avoidance in¬ 
cludes the ability to lower the osmotic potential by increasing the net 
accumulation of solutes, i.e., osmotic adjustment, together with in¬ 
creased elasticity of the cell wall, and decreased cell size. These 
abilities enable the cell to maintain its turgor, which is essential for 
fyeserving normal metabolism, growth, and survival during a change in 
the water balance of the plant (Turner and Jones, 1980). Kramer 
(1980) suggested that the basis for differences among species in dehy¬ 
dration tolerance must be sought at the molecular level, including 
mainly membrane structure and enzyme activity. 

In contrast to its minor role as a mechanism of resistance to temp¬ 
erature and salt stresses, avoidance is of great value for the survival 
of the higher plant under drought stress (Levitt, 1980). Because of the 
many possible combinations between the different kinds of drought 
avoidance and tolerance mechanisms, many kinds of adaptation to 
drought exist. 

Most of the research on drought stress up to now has been concen¬ 
trated on the responses of whole plants and of particular enzyme sys¬ 
tems (Ruesink, 1978). Hardly any attention has been directed toward 
the application of tissue culture technology in studies of the physiologi¬ 
cal mechanisms of drought resistance or for the selection of resistant 
mutants. 


GENETIC STUDIES. Heyser and Nabors (1979) were the first to 
report the selection of cell lines resistant to stress induced by 
polyethylene glycol (PEG). Bressan et al. (1981) selected cells of 
tomato resistant to drought stress by exposing callus to a medium 
containing PEG. The selected cells grew much better than the control 
unselected cells on media containing the nonpenetrating osmoticum. 
The resistance was stable, however, only in cells that were in 
continuous contact with PEG, becoming lost quickly on medium lackii^ 
in the osmoticum. 
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PHYSIOLOGICAL STUDIES. Wahlstrom and Eriksson (1976) studied 
the effect of water stress imposed by various salts and organic 
osmotiea for 30 min on protein synthesis in carrot cell culture. The 
uptake and incorporation of labeled glutamic acid were not affected by 
the stress. In contrast, a significant reduction of uptake and incor¬ 
poration of labeled leucine into suspension-culture cells of Convolvulus 
arvensis L. exposed to water stress imposed by salts and organic 
osmotiea for 0.6-4.5 hr was found by Kuesink (1978). The difference in 
the time duration of the experiments was suggested as the most likely 
factor responsible for the sharp contradiction between the results of 
the two experiments. 

Naked protoplasts isolated from bark of winter and summer black lo¬ 
cust trees were subjected to strong osmotic dehydration by exposing 
them to a series of balanced salt solutions of increasing molarity. The 
protoplasts showed almost the same response, i.e., susceptibility or 
resistance to osmotic dehydration, as the tissues from which they were 
originated (Siminoviteh, 1979). 

A serious limitation in using naked protoplasts as a model system in 
such studies is the continuous presence of osmotic stabilizers, incorpor¬ 
ated in the jarotoplast-isolation medium, which may induce an osmotic 
stress in protoplasts in solution. Various biochemical changes, which 
probably result from water stress induced by the osmotic stabilizers, 
were reported in isolated protoplasts, including a decrease of CO 2 fixa¬ 
tion (Wehmaiui and Muehlbach, 1973), decrease of synthesis of protein 
and nucleic acids (Premecz et al., 1978), and an increase of RNase ac¬ 
tivity and proline content (Premecz et al., 1977). 


Ion Stress 

The determination of ion toxicity and ion resistance is very difficult 
because of the many complications resulting from the interactions 
either among ions or between ions and various other factors in the 
organism (Levitt, 1980). In spite of these difficulties, there are many 
facts which show that plants differ in their resistance to ions. The 
existence of genetic variability for resistance to ion toxicity in higher 
plants has been discussed by Epstein (1972). The stress induced by 
heavy metals has received most attention because of its high occur¬ 
rence in nature (Levitt, 1980). 

Higher plants can resist ion stress by avoiding it, i.e., by means of 
decreased uptake or precipitation on the cell wall, or by tolerating it. 
Tolerance can operate through strain avoidance mechanisms, i.e., secre¬ 
tion into the vacuole, precipitation in the cytoplasm, or through strain 
tolerance mechanisms, for example, changes in enzyme structure that 
stabilize it against the effect of the toxic ion. 

The use of tissue or cell culture techniques in physiological or gene¬ 
tic studies of ion toxicity is very limited. 


GENETIC STUDIES. Aluminum-resistant cell lines were selected 
from callus of tomato exposed to 200 |iM Al^* for several months 



Selection for Stress Tolerance 475 

(Meredith, 1978a). Their frequency of occurrence was comparable to 
that reported for spontaneous mutations in eukaryotes (in Meredith, 
1978a). The resistance was stable after growth in media lacking Al^*. 
Althoigh some facts suggested that the resistant variants were the 
result of dominant mutations, an unequivocal proof for that is stiU 
lacking, since inheritance and phenotypic expression were not demon¬ 
strated in regenerated whole plants. Such variants can, however, be 
used to facilitate the elucidation of the meehanism(s) of Al^* toxicity 
and the resistance on the cellular level. 

Colijn et al. (1979) selected cell lines resistant to mercury in culture 
of Petunia hybrida Vilm. The greatly enhanced frequency of resistant 
lines isolated after a treatment with a mutagen suggests the possibility 
that the resistance to mercury is genetically determined (Dix, 1980), 

PHYSIOLOGICAL STUDIES. Meredith (1978b) demonstrated the 
effect of excessive Al^* on oaUus originating from resistant and sensi¬ 
tive varieties of the cultivated tomato. Since the reaction of the calli 
to the ion excess was comparable to that of the whole plant, he con¬ 
cluded that the difference between the two varieties does not result 
from the differentiated state of the plant but depends on cellular 
characteristics. Meredith (1978b, in tomato) and Colijn et al. (1979, in 
Petunia) found that the resistant lines took up the toxic ions to the 
same extent as the sensitive lines. 


Radiation Stress 

Radiation, UV or ionizing, is not a natural stress in most habitats, 
since their intensities on earth are usually too low to injure plants. 
However, because of the increasing uses of such radiations, especially 
ionizing radiation, by man, injuries caused by this radiation might be¬ 
come a serious problem in the near future (Levitt, 1980). 

Ultraviolet Radiation. When applied at high intensities, UV radiation 
may damage membranes, nucleic acids, and proteins, and it may also 
affect hormone balance and enzyme activity. Resistance to UV can re¬ 
sult mainly from avoidance due to reflectance or absorbance by specific 
pigments at the leaf surface. The main advantage in using tissue cul¬ 
ture in studies of UV effect on plant tissue is due to the very low 
penetration of UV into cells organized in the whole plant in multidi¬ 
mensional layers. Therefore, naked protoplasts and, to a lesser degree, 
ceU suspensions are recommended. 

The use of tissue culture at present is limited only to physiological 
and biochemical aspects of radiation. Wright and Murphy (1978) found 
that short UV radiation induced immediate specific leakage of Rb^ from 
tobacco cells in suspension culture. Ohyama et al. (1974) found that 
protoplasts exposed to UV radiation of more than 192 ergs/mm^ ceased 
to divide but remained viable, as shown by vital staining. UV intensity 
up to 1920 ergs/mm^ inhibited nucleic acid synthesis to a greater de¬ 
gree than that of protein. 
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Ionizing Radiation. The ionizing radiations most commonly investi¬ 
gated as environmental stresses are X-, ir, and or-rays (Levitt, 1980). 
Differences in the response to radiation were found among different 
species and varieties, although plants are not generally subjected to 
selective force of radiation in nature. The effects of high doses of 
ionizing radiation include many kinds of injuries and damage, which 
affect growth, metabolism, and differentiation. Since this radiation is 
highly penetrating, the resistance against it is mainly based on toler¬ 
ance mechanisms. 

The effect of r^ays on whole plants and isolated tissues was com¬ 
pared in a series of works. Venketeswaren and Partanen (1966) were 
the first to compare the effect of y radiation in the whole plant and in 
cell culture. Similar comparisons were made among seeds, seedlings, 
and callus tissue in Pharbitis nil (L.) Choisy (Rao et al., 1976), Phnseo- 
lus vulgaris (Bajaj et al., 1970), and Petunia inflate R.E. Fries (Bapat 
and Rao, 1976). The general conclusion drawn from these investiga¬ 
tions is that in vitro culture is much more resistant to ionizing radia¬ 
tion than the organized plant. They suggested that the higher resist¬ 
ance of cells in culture results from their structural simplicity and 
smaller cellular interdependence as compared with that of the shoot 
meristem, which is totally dependent upon the plant for its functioning. 


PROTOCOLS FOR SELECTING STRESS-RESISTANT MUTANTS 

AU procedures designed to develop stress-resistant mutant plants 
from tissue or cell culture include five major steps: (1) preparation of 
callus and cell suspension culture from sensitive plants, (2) mutagen 
treatment, (3) selection, (4) test for retention of resistance in culture, 
(5) regeneration of resistant whole plants, and (6) genetic analysis. 
With the exception of selection (see Chapter 10) all the steps are 
identical for all procedures. 


Preparation of Callus and Suspension Cell Culture 

Callus can be derived from almost any organ of the plant. The 
organ most frequently used for this purpose is the leaf. The exact 
details of the optimal medium composition and incubation conditions for 
producing and growing the callus and the suspension culture are 
frequently specific to the species and sometimes even to the variety. 
General directions for preparing callus culture are given by Yeoman 
and MaCleod (1977) and for suspension culture by Street (1977). The 
basal medium usually used and which is recommended as a starting 
f'^'int when no specific methods have been worked out for the respect¬ 
ive species is either Murashige and Skoog's (1962) or Linsmaier and 
Skoog's (1965) medium. The components, which usually vary among 
media for different plant types, are the quality and quantity of hor¬ 
mones and vitamins. 
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PROTOCOL FOR CULTURE FROM LEAVES 

Callus Culture 

1. Detach fully expanded young leaves from young plants. 

2. Immerse the leaves in sodium hypochlorite (about ISK active chlor^ 
ide) for 5 min with frequent swirling. When leaves are taken from 
plants grown in the field instead of a greenhouse, more extreme 
measures of sterilization may be required, including higher concen¬ 
tration of and longer time in hypochlorite containing a few drops 
of detergent and additional treatment in 70% ethanol. 

3. Rinse the leaves (3x) with sterile deionized water. 

4. Cut small disks (1-1.5 cm in diameter) from the leaf and place 
them on 10 ml of agar-solidified (0.8-1%) medium in 100 x 15 mm 
plastic petri dishes. 

5. Seal the dish with ParafUm and incubate. The incubation condi¬ 
tions, including light quality and intensity, photoperiod, and temp¬ 
erature, are usually specific to each species. 

6 . Excise and subculture callus, which usually develops at the circum¬ 
ference of the disk, and place it on a fresh medium of the same 
composition used for the incubation of the disks. 

7. Every 2-3 weeks subculture the healthiest and fastest growing calli 
in a fresh medium. Repeat this subculturing three or four times. 


Suspension Culture 

1. Place 0.3 g or more (up to 2 g) caUus into 50 ml of liquid medium 
in 250-ml Erlenmeyer flask rotating on a gyrotary shaker. The 
composition of the medium may be the same as that used for callus 
growth, but sometimes it may be varied slightly in hormones. The 
frequency of revolutions and the incubation conditions are usually 
specific to each plant type. 

2. Maintain stock cultures by routine transfer of stationary-phase cells 
into fresh medium at the appropriate inoculum density. 


PROTOCOL FOR CULTURE FROM SEEDS 

!• Sterilize seeds for 20 min in sodium hypochlorite (about 1% active 
chloride containing a few drops of detergent). 

2. Rinse the seeds (3x) in sterile deionized water. 

3. Place the seeds on a wet sterilized sheet of Whatman No. 1 filter 
paper in a petri dish and incubate for germination. Light and 
temperature conditions may be specific to each species. 

4. Excise the developing cotyledons, cut small disks or rectangles from 
them, place them on a solid medium, and incubate as described 
above. 

5. Follow the same procedure (steps 5-7 and 1-2} as for callus and 
suspension cultures derived from the leaf. 
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Mutagen Treatment 

1. Expose the suspension culture to a treatment with a mutagen, 
which is added aseptically to the suspension. The mutagen usually 
used is ethyl methane sulfonate at a concentration rai^e of 0.075- 
1.556 (v/v) for 60 rain. 

2. Collect the cells on a fine nylon bolting cloth and wash twice with 
fresh culture medium. 

3. Incubate for at least 3 days in fresh medium before submitting to 
selection. 

Spontaneous mutations for stress resistance can also be obtained 
without mutagen treatment (see References). 


Selection 

Since the number of successful experiments for selecting stress-resist¬ 
ant mutants is still very small, no generalization can be made at this 
stage. The selection procedures described here can be used only as 
general guidelines. This will include, therefore, details which might be 
specific to the plant species used in each case. These methods of sel¬ 
ection are based on principles used for general isolation of mutants in 
vitro (see Chapter 10). 


Chilling Resistance {Nicotiana sylvestris and Capsicum annuum, Dix and 

Street, 1976) 

1. Incorporate the fine suspension into melted ^ar medium (0.9S5 agar) 

held at 38 C to give cell densities in the range of 10 10^ to 

50 10^ cells/ml. 

2. Pour the medium immediately, 10 ml per 9 cm plastic petri dish. 

3. Seal the dishes and incubate for 5 days at 25 C in the dark. 

4. Expose the plates to chilling temperature (5 C for C. annuum and 

0 C or less for N. sylvestris) for 21 days in darkness. 

5. Return the plates to 25 C and maintain for 6 weeks (C. annuum) or 
8-10 weeks (N. sylvestris). 

6 . Establish resistant cell lines by transferring individual growing colo¬ 
nies from the plates to an agar medium in bottles and incubate at 
25 C. 


Salt Resistance {Medicago sativa, Croughan et al., 1978 and Nicotiana 
sylvestris (N) and Capsicum annuum (C), Dix and Street, 1975) 

Selection on Solid Medium 


1. AUow the cells growing in suspension culture to settle for 5 min 
and decant most of the supernatant, which contains single cells 
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and small cell aggregates. An alternative (N and C) might be to 
filter cells of suspension culture (7-10 days after the final sub¬ 
culturing) through 0.6 mm mesh nylon bolting cloth and wash the 
cells retained with fresh medium. 

2. Inoculate petri dishes containing agar-solidified medium supple¬ 
mented by 0.17 M NaCl (w/v) by spreading aliquots of sir^le cells 
and small cell aggregates. An alternative (N and C) might be to 
incorporate the fine suspension into melted agar medium (held 
liquid at 38 C) containing 0.17 or 0.34 M NaCl to give cell den¬ 
sity in the range of 25 10^ to 35 10^ ceUs/ml, and to pour it into 
9 cm petri dishes, 10 ml in each. 

3. Seal the dishes with Parafilm and incubate under 60 |iE/m^sec of 
continuous fluorescent light at 27 i 1 C. 

4. When most of the ceUs exhibit browning and arrested growth, char¬ 
acteristic of salt toxicity, subculture those pieces that look 
healthy onto fresh medium containing 0.17 M NaCl (about every 5- 
6 weeks). 

5. Select salt-resistant lines that grow well and exhibit no discolora¬ 
tion during 6-7 such passages in the same saline medium. 


Selection in Liquid Medium (Nicotiana sylvestris and Capsicum annuum, 
Dix and Street, 1975) 

1 . 'H’ansfer a fine suspension of single cells and small cell aggregates 
at a density of about 110® cells/ml to a fresh medium containing 
0.17 or 0.34 M NaCl (w/v). 

2 . After 21 days of incubation, subculture in liquid medium containing 
the same level of NaCl as in the first passage and continue such 
subculturing every 21 days as long as the growth continues to im¬ 
prove in the presence of NaCl. 

3. Establish salt-resistant ceU lines by subculturing fragments of col¬ 
onies developed from salt-resistant ceUs in bottles containing agar 
medium. 

Sodium chloride-resistant cells may also be obtained from a cell cul¬ 
ture treated with polyethylene glycol. For this alternative approach 
follow the procedure described for the selection of drought-resistant 
cells. 


Drought Resistance {Lycopersicon esculentum, Bressan et al., 1981) 

1. Dissolve polyethylene glycol (PEG) (mol. wt. 6000-7600) in double¬ 
strength medium prior to the adjustment with distilled water to 
the final volume. 

2. Measure the initial water potential of media containing various 
amounts of PEG by the appropriate instrumentation. TTiis step is 
required because the relationship between PEG content and water 
potential is not directly proportional and because other consti¬ 
tuents of the medium, i.e., salts and sugars, influence the water 
potential. 
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3. Collect cells from a stationary-phase stock of suspension culture on 
a fritted glass funnel and resuspend them in a fresh medium con¬ 
taining ISSi PEG at a density of approximately 0.2 g/ml in 125-inl 
Erlenmeyer flasks. 

4. Incubate on a gyratory shaker (80-100 rpm) at constant tempera¬ 
ture (26 C) under a 16 hr light (1500 lux Cool White fluorescent 
lanip6)/8 hr dark regime. 

5. Harvest the cultures at predetermined times by eollectii^ the cells 
on a Whatman No. 4 filter paper in a Buchner funnel by aspiration. 

6 . Determine the amount of growth of cell samples by measuring their 
fresh weight and determining dry weight after drying in an o’^e i at 
80 C overni^t. 


Ion (Aluminum) Resistance (Lycopersicon esculentum, Meredith, 19 /1 .b) 

Callus Culture 

1. Place callus on appropriate medium containing 200 iiM aluminum as 
Al-EDTA, five callus pieces (apparox. 300 mg each) in each petri 
dish. 

2. Seal the dishes with Parafilm and incubate under the appropriate 
conditions of light and temperatures. 

3. Transfer the callus pieces to fresh medium which contains Al^* 
every 28 days and regularly examine for areas of growth. 


Cell Suspension Culture 

1. Spread 1-ml aliquots of cell suspension on agar-solidified medium 
containing 200 jiM aluminum in petri dishes. 

2. Incubate the plates at 30 C in the dark and regularly examine for 
growii^ colonies. 


Test for Retention of Resistance in Culture 

1. Grow calli of resistant lines without the selection s^ent. 

2. After 2-4 passages expose the cells again to the selection agent 
and measure growth when maximal. 


Regeneration of Plants 

1. Induce shoot formation by trainsferring callus pieces to a shoot- 
inducing medium, usually the same basal medium used for culturing. 
The appmopriate hormonal composition may be specific to each 
plant type. 

2. Induce root formation by transferring the shoots to t^ar medium 
having hormonal composition suited for root induction specific to 
each plant type. 
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3. TYansfer the rooted plants to pots and after hardening transfer 
them to the greenhouse. 


Genetic Analysis 

1. Grow the ^ants which were regenerated from resistant and sensi¬ 
tive cultures to the flowerii^ stage and self them. Cross between 
the resistant and sensitive plants to obtain plants of Fj genera¬ 
tion, and self Fi plants to obtain F 2 generation. 

2. Expose the plants of parental and hybrid generations to the respec¬ 
tive stress and follow their response. 


FUTURE PROSPECTS 

The selection of mutant plants in tissue or cell culture and the pro¬ 
duction of somatic hybrids by protoplast fusion hold considerable poten¬ 
tial for increasing the genetic diversity available to the breeder (Rains 
et al., 1980). 

Inherited stress resistance selected in tissue culture results from rare 
mutations in few genes w'ith major effects. Whether such monogenic 
mutations in genes with major effect can have significant potential con¬ 
tribution in breeding programs for stress resistance is a question of 
central importance. According to Johnson (1980), an advance in genet¬ 
ic improvement of valuable characteristics depends, necessarily, on a 
broad genetic basis provided by a diverse collection of germplasm. 
This view, which results from the generally held idea that inheritance 
of continuous characteristics, including those important for survival, de¬ 
pends on many genes with relatively small effects. However, this idea 
appears to be open to debate. It seems that the inheritance of many 
continuous characteristics is determined mainly by a few genes with 
major effects (Mayr, 1963; Wehrhahn and Allard, 1965; Tal, 1967). The 
phenotypic expression of continuous characteristics, as contrasted with 
the discrete expression of Mendelian characteristics, can be explained 
by a greater relative contribution of interactions among genes and 
between genes and environmental factors to the phenotype (Falconer, 
I960). In my opinion the belief that a wide genetic basis is a prere¬ 
quisite for genetic progress in improving valuable continuous character¬ 
istics results mainly from our ignorance of the complexity of the genet¬ 
ic and epigenetic levels of the multicellular organisms. An interdisci¬ 
plinary study, including genetics, biochemistry, and physiology of muta¬ 
tions obtained in tissue culture, will help demonstrate the significance 
of genes with major effects in the control of stress-resistance mechan¬ 
isms. 

As discussed in the Introduction, resistance to stress usually includes 
tolerance and avoidance mechanisms, the former being probably more 
primitive adaptations depending mainly on cellular mechanisms, with the 
latter more advanced and depending more on the organization of cells 
in tissues and organs. The proportional contribution of avoidance or 
tolerance mechanisms to the resistance of the plant differs for the 
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various stresses; avoidance, for example, is the least important in low- 
temperature resistance and more important in salt resistance, while be¬ 
ing a major component of drought resistance (Levitt, 1980). On the 
level of tissue or cell culture, which, to some extent, represents a re¬ 
versal to a priinitive stage, the mutations most expected are, therefore, 
those involved in mechanisms of tolerance. The contributions of tissue 
culture techniques to the increase of genetic diversity, through selec¬ 
tion of stress-resistant mutations or by somatic hybridization, is expec¬ 
ted, therefore, to be greater for resistance against low-temperature 
stress than for drought stress. 

The present biochemical and physiological knowledge of the mechan¬ 
isms controlling stress resistance is mainly based on studies on the 
level of whole plants and only very little on tissues or cell culture. 
These studies are varied and include different cellular aspects, i.e., 
general metabolic processes such as photosynthesis and respiration, 
level of various metabolites, activity of enzymes, and membrane charac¬ 
teristics. Based on such studies, which suggest the existence of com¬ 
mon cellular targets for different stresses, and on the observation that 
hardening of the plant against a particular stress might also result in 
increased resistance to other stresses, Levitt (1980) has hypothesized 
the concept of a general stress tolerance. As the possible common 
targets Levitt (1980) suggested the membranes—in which the relevant 
changes are [ffotein aggregation and lipid peroxidation—and/or the hor¬ 
monal balance—in which the relevant changes may involve the activity 
of ethylene and ABA. The unified concept of stress tolerance has, 
however, been ch^lenged by Steponkus (1980). Whether this hypothesis 
or its variation is correct will be verified by additional biochemical 
and physiological studies that will use the most efficient methodology 
and concentrate on the central questions. The use of stress-resistant 
cell lines originating from mutations in major genes is highly recommen¬ 
ded for such a study. Central targets to be studied may include 
membrane characteristics, kinetics of enzymes that play a central role 
in the control of intermediary metabolism such as RuBP-carboxylase in 
the Calvin cycle and phosphofructokinase in the glycolysis pathway 
(Hochachka and Somero, 1973; Teeri, 1980), and hormonal regulation. 
There is an increasing evidence that ABA has a central role in the 
integration of plant responses to stress (Jones, 1980). According to 
Boyer (1980), the identification and understanding of the regulating 
mechanisms that control adaptation is one of the most important 
subjects to be studied in the area of stress adaptation. 

Another question of central importance is whether identification and 
understanding of the mechanisms of stress resistance and the interrela¬ 
tionships among them will help in planning more efficient procedures 
designed to select stress-resistant mutations in tissue culture or to 
select stress-resistant hybrids produced by fusion of protoplasts of re¬ 
sistant and sensitive species. The general technique used at present 
for the selection of stress-resistant mutant cells is based on the appli¬ 
cation of behavioral criteria, i.e., survival or growth under the influ¬ 
ence of the selection agent, irrespective of the stress-resistance mech¬ 
anism involved. The understanding of the resistance mechanisms under¬ 
lying a specific stress may offer an alternative approach to selection. 
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which will be directed more specifically to the mode of action of the 
resistance. Such an approach was first recommended by Goldner et al. 
(1977) for the selection of salt-resistant mutations. It seems that the 
present knowledge of the mechanisms of stress resistance and the num¬ 
ber of successful selections of resistant mutant cells in tissue culture 
are stiU too limited to be used as guidelines for detailed design of 
specific selection procedures. 

The operation of mechanisms of stress resistance requires energy. 
The advantage of tissue culture for estimating the energy cost of such 
mechanisms was recommended by Rains et al. (1980). Nevertheless, the 
most meaningful evaluation of the price paid by the plant in terms of 
yield for being more resistant to a stress can only be made by ineoi^ 
porating the resistance mechanisms into commercial varieties. Here, 
their influence on the yield under the prevailing environmental condi¬ 
tions can be estimated. However, in most cases such proofs are lack¬ 
ing (Bidinger, 1980), since plant breeders are reluctant to breed and 
select for physiological mechanisms without this type of evidence, 
which depends, in its turn on breeding. Breaking this vicious circle is, 
thus, essential. 
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CHAPTER 13 

Selection for Photoautotrophic Cells 

Y Yamada and F. Sato 


Cultured photoautotrophic cells for higher plants provide new mater¬ 
ials for research on photosynthesis and for increasing the productivity 
of plant cells. They also have the economic advantage of using solar 
energy directly. Some cultured cells have chloroplasts with developed 
grana (Laetsch and Stetler, 1965; Seyer et al., 1975) and maintain 
photosynthetic activity (Bergmann, 1967; Hanson and Edelman, 1972). 
Light promotes the growth of green cells (Neumann and Raafat, 1973), 
but most green cells cannot grow without sugar. Many attempts to 
culture green tissues photoautotrophically have been made, with some 
success for short periods or with a low growth rate. Lack of vigorous 
photoautotrophic growth has been attributed to the low chlorophyll 
content and low photosynthetic activity of these green cells. 

There are many studies on the physicochemical conditions and nutri¬ 
tional elements required for the growth and greening of green plant 
cells. These include research on auxins (Bergmann, 1967; Sunderland, 
1966), eytokinins (Kaul and Sabharwal, 1971), sugars (Edelman and Han¬ 
son, 1971; Neumann and Raafat, 1973), inorganic nutrients (Vasil and 
Hildebrandt, 1966), light intensity (Bergmann and Balz, 1966), and the 
gas phase (Corduan, 1970; Dalton and Street, 1976). Although the 
number of studies has increased, only a few reports of successful photo¬ 
autotrophic cultures have been made (Berlyn and Zelitch, 1975; Dalton, 
1980; Husemann and Barz, 1977; Yamada and Sato, 1978; Yasuda et al., 
1980). 

Cultured cells consist of cells that are heterogeneous in their speci¬ 
fic characters. Therefore, cells that show the particular character de¬ 
sired must be selected in addition to regulating the culture conditions. 
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Yamada and Sato (1978) selected highly chlorophyUous cells of tobacco 
(Nicotima tabacum var Samsun) and scotch broom (Cytisus scoparim L.) 
from photomixotrophic cultures and succeeded in culturing them photo- 
auxotrophicaUy. Berlyn and Zeliteh (1975) derived white and green 
haploid calli from an anther culture of yellow mutant tobacco, and 
their green eaUi had rapid net photosynthesis. Husemann and Bars 
(1977) made continuous selective subcultures of Chenopodium rubrum 
cells that had survived under photoautotrophic conditions until they 
obtained eeU suspensions with high growth rates. These studies show 
that different types of cultured cells differ in their photosynthetic 
capacities. 

The chlorophyll content of cultured cells usually is used as the 
criterion for the selection of photoautotrophic cells, but it is not the 
best index for photoautotrophy, as seen from the fact that we could 
not predict the low photoautotrophic growth of green amur cork tree 
(Phellodendron amurense Rupr.) cells. Measurement of photosynthetic 
O 2 evolution showed that there was very low photosynthetic activity in 
the amur cork tree cells, whereas the photosynthetic potential of to¬ 
bacco and scotch broom cells in photomixotrophic culture was closely 
correlated with their photoautotrophic growth (Sato et al., 1979; Fig. 
1). We confirmed that it is essential to select cells that have high 
photosynthetic potential if successful photoautotrophic cultures are to 
be established. 

We here describe an efficient method for selecting cells that are 
capable of photoautotrophic growth. Photosynthetic potential is the 
criterion used to select these photoautotrophic cells. 


MAJOR FACTORS FOR SUCCESSFUL PHOTOAUTOTROPHIC CULTURE 
Plant Materials 

Almost every part of the plant has been used for callus induction, 
but seeds and seedlings have been particularly common and easy mater¬ 
ials. Whatever starting material is used, it must be sterilized in the 
usual way then inoculated on a culture medium. 

Callus can be induced from many species of plants under light. The 
calli induced usually consist of cells that show different degrees of 
greening, even though they are derived from the same segments. Dif¬ 
ferent plant species also have different potentials for the development 
of chloroplasts in caUus. So far, only six varieties of plant cells have 
been reported to grow well in photoautotrophic culture: Chenopodium 
rubrum, Cytisis scoparius L., Hyoscyamus niger L., Nicotiana tabacum 
var JW'B su/su, Nicotiana tabacum var Samsun, and Spinacea oleracea. 


Culture Medium 

Tbe composition of the culture medium is important for the selection 
of green cells. 2,4-D is a common auxin used for callus induction and 
Effopagation, but 2,4-D inhibits chlorophyll synthesis in intact leaves 
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Figure 1. Oxygen exchange by cultured chlorophyilous cells. Photo¬ 
synthetic O 2 evolution and respiratory O 2 uptake were traced with an 
oxygen electrode. CO 2 was added as NaHCOa at a concentration of 1 
mM. Cultured cells (0.1 g fresh weight) were suspended in 20 mM 
phosphate buffer, pH 7.8. On; light on; Off; light off. 

and calli (Shewry et al., 1971; Sunderland, 1966). lAA, a natural aux¬ 
in, is favorable, but it decomposes easily under illumination. NAA is 
more effective than either IBA or 2,4-D for promoting active chloro¬ 
phyll synthesis (Yamada et al., 1979). Cytokinins, which regulate 
cytodifferentiation with auxins, are known to promote greening in non¬ 
green calli (Kaul and Sabharwal, 1971); hence we usually add BA or 
KIN to the culture medium. From our experience, a hormonal combina¬ 
tion of about 10 NAA and about 1 uM BA is best for use with the 
Linsmaier-Skoog basal medium (1965). This combination of basal 
medium and hormone may not necessarily be best for induction and 
propagation of all types of green callus, but so far it has been the 
most useful. 

The addition of organic carbon sources to the medium at the time 
callus is induced is needed for the culture of green cells. But the 
addition of sugars, especially sucrose which is a product of photosyn- 
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thesis, inhibits photosynthetie activity and the greening of cultured 
cells. After callus has been induced, selected green cells must be 
quickly transferred to conditions for photoautotrophic culture or the 
desired character will be lost. 


Culture Conditions 

The factors essential for establishment of successful photoautotrophic 
cultures are the selection of cell lines with high photosynthetie poten¬ 
tial and the use of culture conditions favorable for photosynthesis; i.e., 
an adequate intensity of light and an enriched CO 2 concentration. A 
high CO 2 concentration (about 1 - 2 S 6 v/v) is maintained in cultures by 
bubbling C 02 -enriched air through distilled water then into culture 
flasks whose air inlets and outlets are plugged with cotton. Alterna¬ 
tively, CO 2 enriched air is led into transparent cabinets that contain 
petri dishes, or culture flasks plugged with cotton or silicone sponge 
(Fig. 2 ), Another way to maintain high levels of CO 2 in cultures is to 
use a 2 M KHCOJ/K 2 CO 3 buffer solution as the CO 2 reservoir (Huse- 
mann and Barz, 1977). All cells then are cultured at a suitable tem¬ 
perature (about 26 C) and under an adequate intensity of light (6000 to 
10,000 lux). 


Large-Scale Culture 


The culture conditions used for a jar fermenter differ from those used 
for flasks. Cultured cells have a high apparent viscosity and a sensi- 



Figure 2. The system for the selection of cultured cells with high 
photosynthetie potential, (a) CO 2 gas, (b) air compressor, (c) flow 
control, (d) reservoir for mixed gas, (e) a safety valve, (£) distilled 
water (washing for gas), (g) air line filter (cotton filter, etc.), (h) illu¬ 
mination. 
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tivity to shear stress because of the relatively large volume of rigid 
cells (Wagner and Vogelmann, 1977). Mixing by slow agitation with a 
marine-type impeller and aeration has produced successful cultures of 
plant cells in a jar fermenter (Yamada et al., 1981). The culture 
conditions used for photoautotrophic culture in a jar fermenter also 
differ from those used for photomixotrophic culture. Because stimulated 
cell respiration compensates for the net photosynthesis, green cells 
cultured photoautotrophically in a jar fermenter in air enriched with 1% 
CO 2 have no apparent photosynthetie activity. 

A low oxygen supply also is essential for photoautotrophic culture in 
a jar fermenter. A lowered oxygen supply has been produced by re¬ 
ducing the rate of aeration and by using air for which the partial pres¬ 
sure of oxygen has been lowered by the addition of N 2 gas; this en¬ 
hances photoautotrophic growth. Similar results have been obtained by 
Dalton (1980), who cultivated Spinacea cells photoautotrophically in a 
continuous culture by controlling the dissolved oxygen concentration. 


Measurements of Growth and Chlorophyll Content 

Fresh weights should be determined only after excess water has been 
removed by blotting the cells with paper. After 2 days in an oven at 
60 C the dry weights of the samples can be taken. The chlorophyll 
contents are determined spectrophotometrically in an 80^ v/v acetone 
extract. Chlorophyll is extracted by the method of Sunderland (1966), 
and its concentration is calculated from the equations derived by Arnon 
(1949). 


Measurements of Oxygen Exchange by Cultured Cells 

Oxygen exchange is measured at 25 C with an oxygen electrode 
after 0.1 g cells (fresh weight) have been suspended in 1 ml of 50 mM 
phosphate buffer (pH 7.8). To measure the photosynthetic oxygen evo¬ 
lution, cell suspensions that contain 5 mM bicarbonate are iiluminated 
with light from a projector that has been filtered through a 10 cm 
water layer at an intensity of about 100,000 lux. 


ACTUAL EXAMPLE (YASDDA ET AL., 1980) 

Three species from the family Solanaceae, Atropa belladonna, Datura 
stramonium, and Hyoscyamus niger, were used. Segments of excised 
leaves from redifferentiated and aseptically grown seedlings were inocu¬ 
lated on sugar-free, Linsmaier-Skoog agar media in petri dishes. The 
hormones used were combinations of 5 |iM or 10 ;iM NAA and 0.05 ;iM, 
0.5 |iM or 5 iiM BA. The petri dishes were placed in transparent 20 
liter glass cabinets and, from the beginning of callus induction, were 
aerated with a mixture of 1% CO 2 in air at a flow rate of 1 liter ^r 
minute under continuous illumination with fluorescent lamps at an in¬ 
tensity of 3000-5000 lux. The temperature inside the cabinets ranged 
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from 27 to 29 C. After callus induction, subsequent transfers were 
maintained under these same photoautotrophic conditions. 

After being cultured under the above photoautotrophic conditions for 
about 2 weeks, the inoculated leaf segments began to swell. Green 
caUi were induced in small areas along the edges of each segment in 
all the Hyoscyamus and Datura cultures, but the other parts of the tis¬ 
sues turned white and died (Fig. 3a). The greenest cells from these 
ealli were subcultured under photoautotrophic conditions (Fig. 3b, Fig. 
4). In the Atropa cultures, no callus induction was observed but the 
segments remained swollen. Some segments of the Atropa leaves devel¬ 
oped roots. 

Data for photoautotrophic growth, chlorophyll content, and photosyn¬ 
thetic O 2 evolution in Hyoscyamus, and Datura cultures are summarized 
in Table 1. The chlorophyll content of the Datura cells was much 
higher than that of the Hyoscyamus cells, but the increase in fresh 
weight for Hyoscyamus cells cultured photoautotrophically was higher 
than for Datura ceUs. The photosynthetie activity of Hyoscyamus cells 
was also higher than for Datura, and the photosynthetie activity of 
Hyoscyamus cells (based on chlorophyll) was higher than that of regen¬ 
erated Hyoscyamus seedlings. 

The cultured Hyoscyamus cells were divided into small pieces, each 
of which was cultured photoautotrophically. The relationship between 
the photosynthetie activity and photoautotrophic growth of each Hyo¬ 
scyamus sample is shown in Fig. 5, There was a clear correlation be¬ 
tween photosynthetie activity and photoautotrophic growth, but no 
relationship between photoautotrophic growth and the chlorophyll con¬ 
tent of Hyoscyamus cells. 

DISCUSSION 


Cells with high photosynthetie potential first must be obtained to es¬ 
tablish photoautotrophic cultures. As stated in the introduction, there 
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Figure 3. Photoautotrophic culture of Hyoscyamus cells (a) at callus 
induction, (b) after selecting-subculture. 
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Figure 4. Protocol for the selection of photoautotrophic cells. (1) 

Calli are induced under photoautotrophic or photoinixotrophic condi¬ 
tions. (2) Calli are broken into smaU pieces. (3,5,7) Small pieces of 
calli are cultured photoautotrophicaUy. (4,6) Green celts that have 

grown well are selected and then broken into small pieces and recul¬ 
tured. (8) Establishment of photoautotrophic cells which grow well 

without sugars. Steps (5) and (6) are repeated until homogeneous 
photoautotrophic cells that grow well are produced and proliferate. 
The number of oblique lines indicate the degree of greening. 



Figure 5. Relationship between photosynthetic activity and the photo- 
autotrophic growth of Hyoscyamus cells. Each culture was plated with 
1-2 g of cells, then harvested after 3 weeks of incubation. Each value 
is the mean of one to six replications. 
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have been many attempts to enhance photosynthetic activity by meta¬ 
bolic regulation. These attempts have been based on the belief that 
all cells are homogeneous and that all have totipotency. Our experi¬ 
ment, however, started with the assumption that all cultured cells are 
heterc^eneous; thus they may function and respond differently to envi¬ 
ronmental selection. Therefore, cells must be selected that have high 
photosynthetic potential if photoautotrophic culture is to be successful. 

It was difficult to obtain highly chlorophyllous cells that had high 
photosynthetic potential; however, newly derived ealli illuminated from 
the beginning of induction on a medium of simple composition, produced 
green ealli. For cultures maintained in media with sucrose, under con¬ 
ditions that are unsuitable for photosynthesis, cells which have obtained 
most of their energy from sucrose are allowed to proliferate and to 
predominate. After several years of subcultures under these conditions, 
we have found that in some cases there has been a significant loss of 
cells that have high photosynthetic potential. This is a problem often 
encountered when plant cells are cultured, but natural selection most 
likely occurs in any cell culture. One way to solve this problem is to 
select only cells that have high photosynthetic potential from the first 
culture and during each successive subculture. The effectiveness of 
this method is, we believe, dependent on both the time and conditions 
of selection. 

Selected photoautotrophic cells have been cultured under conditions 
favorable for photosynthesis under an adequate intensity of illumination 
and aeration with CO 2 -enriched air. However, it is difficult to cultxire 
any type of green cell photoautotrophicaUy under aeration with ordin¬ 
ary air (about 0.0335 CO 2 ). In green tobacco cells the CO 2 compensa¬ 
tion point for photosynthesis is high (Tsuzuki et al., 1981). This may 
reflect the low concentration of CO 2 in cultured green cells, which is 
due to low carbonic anhydrase activity and to the high diffusion resist¬ 
ance of cultured cells with large cell volumes, and/or h^h activity of 
dark respiration in cultured green cells. Instead of aeration with CO 2 - 
enriched air, we may need to stimulate carbonic anhydrase activity or 
to suppress respiration in cultured green cells. 

To date no successful cultures of the green cells of cereals have 
been reported. Callus induction from cereals requires a high concen¬ 
tration of auxin in the medium, but this inhibits chloroplast differentia¬ 
tion. Before this problem can be addressed, we need to know the de¬ 
tailed mechanism for the propagation and differentiation of chloroplasts 
within cultured cells. 


FUTURE PROSPECTS 

The culture of photoautotrophic cells is a new method for potentially 
increasing the productivity of plant cells. Some alkaloids (Hartmann et 
al*, 1980), a vitamin (Watanabe et al., 1982), and a volatile oil (Cor- 
duan and Rehard, 1972), aU of which are produced in the green parts 
of intact plants also have been produced by cultured green cells. If 
the production of these metabolites is regulated by cellular differentia¬ 
tion, then photoautotrophic culture will increase the productivity of 
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cultured cells. The economic advantage of using solar energy directly 
and the decreased possibility of contamination by microorganisms make 
photoautotrophic cell culture a very useful technique for industrial plI^ 
poses* 

Intact plants probably consist of cells that are heterogeneous in 
their specific characters, and the culture of these cells enlarges the 
variation in specific characters. The selection of photoautotrophic 
cells is an effective new method that allows us to obtain cell lines 
that have high photosynthetic potential and that will, in turn, regene^ 
ate plants with enhanced photosynthetie potential. Photoautotrophically 
cultured green cells of C 3 plants incorporated large amounts of 
into C 4 compounds (mainly as malate) in light, and they showed phos- 
phoenol pyruvate (PEP) carboxylase activity (Sato et al., 1980). PEP 
carboxylase concentrates CO 2 in the bundle sheath cells of C 4 plantSi 
Cultured green cells may have a new function as the concentrator of 
CO 2 for PEP carboxylase in C 3 plants. 
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CHAPTER 14 

Genetic Transformation in Plants 

K. Ohyama 


Conventional plant breeding programs have introduced numerous im- 
{ffovements in crop yield during the past centuries. However, plant 
breeders may have reached a limit in the ability to introduce new 
genetic information into plants and to create new plant varieties 
throi^h conventional plant breeding techniques. On the other hand, in 
the last 10 years two major achievements have been accomplished 
toward introducing foreign genetic information into plants: one was 
the isolation and culture of plant protoplasts; the other was the devel¬ 
opment of genetic engineering techniques for transferring and cloning 
genes. The introduction of foreign genetic material into recipient cells 
requires the following steps; (1) binding and uptake of genetic materi¬ 
al, (2) stabilization and/or replication of genetic material, (3) expres¬ 
sion of genetic material in the recipient cells, and (4) inheritance of 
pnetic material (Fig. 1). The first two steps have been extensively 
investigated by feeding radioactive DNA to a variety of plant materials 
including seedlings (Ledoux et al., 1971), poUen (Hess, 1977), cultured 
cells (Lurquin and Hotta, 1975), protoplasts (Ohyama et al., 1972b), and 
isolated nuclei (Ohyama et al., 1977a; Ohyama, 1978). On the other 
hand, gene expression and its inheritance can be determined by the 
detection of phenotypic changes in the recipient cells. While a great 
deal of work on gene expression has been done (Lurquin, 1977), these 
results remain controversial because of lack of a suitable genetic mark¬ 
er for the selection of transformed cells. These problems necessitate 
the development of a plant host-vector system. Three tvfres of vectors 
are being considered, including the bacterial plasmid (Ti plasmid) of 
Agrobacterium tumefaciens, plant virus DNA and plant organelle DNA. 
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EVENTS IN DNA UPTAKE BY PROTOPLASTS 



Protoplast 

Figure 1. Diagram of events in DNA uptake by plant protoplasts and 
nuclei. Circled numbers 1, 2, 3, and 4 indicate each step of DNA up¬ 
take, its stabilization, gene expression, and gene inheritance, respec¬ 
tively. 

The Ti plasmid of A. tumefaciens, an agent of crown gall induction 
in dicotyledonous plants, contains genes that are expressed in trans¬ 
formed plants. These genes determine oncogenicity and opine synthesis 
(Schell and van Montagu, 1979). Recently it was confirmed that a part 
of Ti plasmid (T region) is covalently linked to nuclear DNA in 
transformed cells (Willmitzer et al., 1980). This system is now being 
considered as a model system for genetic transformation in plants. 
Alternative vectors include plant virus DNA, such as cauliflower mosaic 
virus (CaMV) DNA and organelle DNA from plant cells. Information on 
genetic mapping of CaMV is being accumulated, and the transfection of 
CaMV to plant protoplasts is now under investigation. Organelle DNA, 
on the other hand, such as chloroplast DNA and mitochondrial DNA, is 
extrachromosomal and can already replicate autonomously in plant cells. 
The first two vectors, Ti plasmid and CaMV DNA, represent genetic 
material that is exogenous to plant cells, but organelle DNA itself is 
native genetic material which is stably inherited and expressed in 
plants. Therefore, organelle DNA can be a great candidate as a vec¬ 
tor for plant genetic engineering studies (Ohyama et al., 1982). In this 
chapter recent developments of DNA uptake by plant protoplasts and 
isolated nuclei will be described as well as the fundamental techniques 
of DNA uptake experiments. 
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LITERATURE REVIEW 

Plant protoplasts appear to be very suitable recipient cells for DNA 
uptake studi^, as protoplasts lack a thick cell wall and can be pre¬ 
pared in sufficient amounts by simple enzyme digestion. Furthermore, 
protoplasts have several advantages over other plant materialsj for ex¬ 
ample, ( 1 ) protoplasts provide a mild isolation procedure of cell organ- 
eUes and extraction of DNA, (2) protoplasts can be cloned on agar 
plates as a single cell, and in some cases (3) protoplasts can be regen¬ 
erated to whole plants. Moreover, protoplasts can take up viral RNA 
such as tobacco mosaic virus (TMV) RNA and eowpea chlorotic mottle 
virus RNA; ako, virus multiplication in the protoplasts has been 
detected (Aoki and Takebe, 1969; Motoyoshi et al., 1973). These 
observations imply that protoplasts can be a potential host in plant 
genetic transformation experiments. 


DNA Uptake by Plant Protoplasts 

The published reports of DNA uptake using plant protoplasts are sum¬ 
marized in Table 1. Ohyaraa et al. first reported on the utilization of 
protoplasts isolated from various suspension cultures in DNA uptake in¬ 
vestigations (Ohyama et al., 1972a; Ohyama et al., 1973; Ohyama, 1975; 
Ohyama et al., 1978). Protoplasts isolated from Ammi visnaga, Glycine 
max (soybean), and Daucus carota (carrot) cell suspension cultures were 
fed radioactive Escherichia coli DNA. After DNase treatment to re¬ 
move unbound DNA, about 0.6-2.8^ of the exogenous E. coli DNA was 
taken up into the protoplasts, of which approximately 205S appeared to 
be acid-precipitable. The time of incubation (0-4 hr), effects of 
incubation temperature (0-37 C), DNA concentration (10-30 ^ig/ml), and 
^otoplast concentration (1.0-7.5 x 10® protoplasts/ml) were studied. 
The addition of polycations such as DEAE-dextran, poly-L-lysine, and 
poly-L-ornithine at a concentration of 5 ^lg/ml was found to markedly 
enhance DNA uptake. Hie donor E. coli DNA was reextracted from 
incubated protoplasts and analysed by CsCl buoyant density gradient 
centrifugation. After prolonged incubation with protoplasts, donor DNA 
appeared as a very broad band, indicating considerable degradation of 
donor DNA. However, CsCl centrifugation analysis did not show the 
reutilization of degraded products of donor DNA, although active de 
novo DNA synthesis was observed in the protoplasts after a long period 
of incubation (24-96 hr). Schaefer et al. extended their experiments 
using Ti plasmid DNA isolated from Agrobacteriwn tum^aciens (Ohyama 
et al., 1978; Schaefer et al., 1981). They compared the results of 
plasmid DNA uptake with that of chromosomal DNA isolated from A. 
tumefaciens, and showed that plasmid DNA was degraded at slightly 
lower rates than chromosomal DNA. They also subjected plasmid DNA 
that had been incubated with protoplasts, to agarose gel electrophore- 
^ and detected exonuelease activity associated with protoplasts. 
They observed a variation of exonuclease activity in the protoplasts 
from 1-day-old and 4-day-old cell suspension cultures. Protoplasts from 
1-day-old and 4-day-old cells exhibited much less nuclease activity 
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Nicotiana tabacum N. tabacum Acid-precipitation, sucrose Uchimiya & 
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indicating that the age of plant cells from which protoplasts are 
[H-epared may be an important factor in DNA uptake experiments. 

Hoffmann and Hess (1973) reported on the uptake of radioactive 
homologous DNA by isolated protoplasts of Petunia hybrida using auto^ 
radiography. Hoffmann (1973) also investigated the fate of double- 
labeled (^H/i^C) homologous DNA in the protoplasts. In their experi¬ 
ments the majority of the radioactivity was found in the nuclear DNA 
fraction. Liebke and Hess (1977) extended earlier work to study the 
association of exogenous DNA with nuclei from protoplasts using CsCl 
density gradient centrifugation and demonstrated that the DNA from 
the nuclear fraction was recovered in a high molecular form. They 
also emphasized the importance of aseptic conditions in experiments on 
DNA uptake by plant protoplasts. 

Suzuki and Takebe (1976) reported on DNA uptake by isolated tobac¬ 
co mesophyll protoplasts using radioactive single-stranded DNA of the 
bacteriophe^e fd. They demonstrated in experiments with inhibitors of 
DNA synthesis that the radioactivity taken up by the jarotoplasts was 
not due to de novo DNA synthesis utilizing degradation products of 
added DNA. They investigated the effects of various divalent cations, 
polyeations, such as poly-L-ornithine, poly-L-lysine, DEAE-dextran, and 
protamin sulfate, and other substances, such as cytochalasin B, amph- 
tericin B, concanavalin A, and spermine, on DNA uptake by the proto¬ 
plasts. They first reported that uptake of fd DNA was greatly 
enhanced by the presence of zinc ions in the incubation medium. They 
also attempted a study of DNA uptake by tobacco mesophyll protoplasts 
using bacteriophage X double-stranded DNA and made a clear compari¬ 
son with their previous work (Suzuki and Takebe, 1978). They reported 
that a major difference was found to be a much higher enhancement of 
double-stranded DNA uptake by preincubation of the DNA with poly-L- 
ornithine. They also found that the nuclear fraction (150 g pellet) 
consisted of 56^ X DNA taken up by the protoplasts, 14S6 by the 
chloroplast fraction (1000 g pellet). Little radioactivity was associated 
with the 12,000 g pellet (mitochondria, other smaller organelles, and 
fragments of membrane systems) and the 105,000 g pellet (ribosomes). 
The rest of the radioactivity was found in the 105,000 g supernatent 
fraction (ground cytoplasmic fraction). 

Uchimiya and Murashige (1977) performed similar experiments using 
tobacco fx-otoplasts and radioactive homologous DNA, and they reported 
that 3.555 of the input radioactivity was in acid-preeipitable substances 
in protoplasts. They also reported that tobacco plants derived from 
protoplasts of a TMV-susceptible cultivar to which DNA from a resist¬ 
ant cultivar was fed did not show transfer of the virus resistant gene. 
They further studied the distribution of exogenous DNA using radio¬ 
active E. coli DNA and tobacco protoplasts. Distribution of the radio¬ 
activity was 60.955 in the soluble fraction and 28.455 in the nuclear 
fraction. They were the first to apply DNA/DNA hybridization tech¬ 
niques to protoplast-DNA uptake systems. The experiments revealed 
that 17.655 homology existed between reextracted radioactive DNA from 
tobacco protoplasts and E, coli DNA, 11.656 homology between the 
reextracted DNA and tobacco DNA. They suggested that the bulk 
radioactivity associated with protoplasts could be accounted for by 
reutilization of degraded E. coli DNA. 
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Lurquin and Kado (1977) used E. coli plasmid DNA to investigate the 
DNA uptake by Vigna sinensis (cowpea) protoplasts. They found that 
after a 15 min incubation period up to 336 of added plasmid DNA was 
incorporated into the protoplasts and that DNA incorporated into the 
[X’otoplasts was distributed evenly to the cell fractions. They also re¬ 
ported that plasmid DNA incorporated into the protoplasts was not in 
the supercoiled form, indicating nuclease degradation of plasmid DNA 
during the incubation. Fernandez et al. (1978) extended the previous 
DNA uptake experiments using three kinds of bacterial plasmid DNA 
(pBR313, Col El from £. coli, and pCRl plasmid from A. tum^aciens) 
and a variety of protoplast preparations such as Daucus carota (carrot), 
Vinca rosea (periwinkle), Vigna sinensis (cowpea), and Brassica campes- 
tris (turnip). They found that pBR313 fed to turnip protoplasts 
retained its original molecular size in the nuclear fraction for up to 
4.5 hr incubation. Therefore, they concluded that this system could be 
a feasible vector for genetic engineering in plant cells. Kado and 
Lurquin (1978) reported on the successful uptake of A. tumefaciens 
plasmid pCK135 DNA and E. coli plasmid pBR313 DNA reconstituted 
with TMV protein by cowpea protoplasts. They demonstrated in 
sucrose density gradient and CsCl density gradient centrifugations that 
plasmid DNA coated with TMV protein was sufficiently protected from 
nucleases in plant cells and incorporated into protoplast nuclei in a 
short time. 

Hughes et al. (1978) reported on DNA uptake by Hro'deum vulgare 
(barley) and tobacco protoplasts. They compared uptake in intact and 
damaged protoplasts that were separated using discontinuous gradient 
centrifugation. Using this protoplast preparation, they studied various 
effects such as incubation time, temperature, DNA concentration, meta¬ 
bolic inhibitors, and polycations. They demonstrated that damaged pro¬ 
toplasts were rapidly saturated with relatively large amounts of added 
DNA, while intact protoplasts took up DNA very slowly. They also in¬ 
vestigated depolymerization of DNA during uptake by using Sepharose 
4B column chromatography. They first performed analysis of remaining 
transforming activity of recovered exogenous DNA by using a Bacillus 
subtilis transformation system. TY-ansformation analysis demonstrated 
that DNA incubated with protoplasts for more than 3 hr completely 
lost transforming activity in a B. subtilis transformation assay. They 
also performed DNA uptake experiments using E, coli plasmids as donor 
DNA (Hughes et al., 1977). They compared degree of degradation of 
DNA associated with the nuclear fraction with that in the nonnuclear 
fraction, and demonstrated that plasmid DNA associated with the 
nuclear fraction was better protected than that of the nonnuclear 
fraction. 

Kool and Pelcher reported on DNA uptake by protoplasts and cul¬ 
tured cells (Kool, 1977; Kool and Pelcher, 1978). By using autoradio¬ 
graphy to examine protoplasts incubated with radioactive DNA, they 
concluded that the DNA was not associated with protoplasts, but only 
with aggregates of ceU wall material contaminating the protoplast 
preparation. They also showed that most if not all DNase-resistant 
radioactive material was eissociated with cell wall materials. There¬ 
fore, they cautioned in interpreting experiments on the binding and 
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uptake of DNA by plant protoplasts. However, they did not exclude 
the possibility that plant protoplasts can take up some exogenously 
supplied DNA. 


DNA Uptake by Isolated Nuclei 

As described above, most DNA uptake experiments indicated that 
DNA taken up by plant protoplasts had reached nuclei and remained in 
high molecular weight form, which implies large enough size to include 
a unit of genes. These promising residts stimulated DNA uptake exper¬ 
iments using isolated nuclei to investigate the fate of DNA associated 
with the nucleus (summarized in Table 2). 

Hotta and Stern (1971) briefly reported on DNA uptake by isolated 
nuclei from Vicia faba embryos. They demonstrated that once hetero¬ 
genous DNA had been incorporated into a cell, it could reach the nuc¬ 
lear membrane and be associated with nuclei without extensive degrad¬ 
ation. 

Ohyama et al. extensively investigated DNA binding and uptake by 
isolated nuclei from soybean cell suspension cultures (Ohyama et al., 
1977b; Ohyama, 1978). Using radioactive double-stranded soybean DNA 
(homologous), double-stranded Salmonella typhimurium DNA, and single- 
stranded bacteriophage fd DNA, they examined the competition for 
binding between double-stranded DNA and single-stranded DNA and 
demonstrated that soybean nuclei had a stronger affinity for single- 
stranded DNA than double-stranded DNA. Ohyama also studied the 
fate of sii^le-stranded bacteriophage fd DNA bound to nuclei and 
associated with nuclei. Sucrose density gradient and CsCl density 
gradient centrifugation analyses revealed extensive degradation of DNA 
bound to nuclei in the absence of poly-L-lysine, and further revealed 
rapid cleavage of DNA associated with the nuclei into smaller frag¬ 
ments, even in the presence of poly-L-lysine. 

Liebke et al. (1977) studied the uptake of E. coli DNA by isolated 
nuclei from Petunia hybrida. They demonstrated a stable association of 
the reextraeted DNA with the nuclei by anadyzing the reextracted DNA 
using CsCl density gradient centrifugation. They also observed tran¬ 
scription of exogenously supplied E. coli DNA by isolated nuclei from 
Petunia hybrida protoplasts (Blaschek and Hess, 1977). However, they 
did not investigate the translation activity of this exogenously supplied 
E. coli DNA in isolated nuclei, which would have been direct evidence 
for gene expression of foreign DNA. 


Liposome-Mediated DNA Uptake by Protoplasts 

Recent developments of liposome-mediated DNA uptake by plant pro¬ 
toplasts may make it possible to protect exogenously supplied DNA 
against intracellular nuclease activity and could therefore contribute to 
development of a genetic transformation system in plant cells (Table 3.) 

Lurquin (1979) first reported on enhancement of plasmid DNA uptake 
into plant protoplasts by liposome encapsulation. It was demonstrated 
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that DNA-filled liposomes strongly interact with plant protoplasts under 
conditions that induce protoplast fusion, and that plasmid DNA in lipo¬ 
somes is subsequently transferred to protoplast nuclei. Lurquin (1981) 
extended studies on the bindir^ of liposomes carrying pBR322 DNA to 
tobacco protoplasts. The results indicated that a substantial proportion 
of the DNA was associated with the nucleus and with chromatin. A 
minimal amount of degradation was observed. 

RoUo et al. (1981) studied the interaction of liposomes loaded with 
DNA from B. subtUis with carrot protoplasts. Using molecular sieving 
and autoradiographic analyses, they demonstrated that liposomes can 
efficiently protect DNA from nucleases present in the protoplast 
suspension and can facilitate transfer of DNA into the protoplasts. 


Gene Expression of Foreign DNA in Plant Protoplasts 

There have been few reports on expression of foreign genes in proto¬ 
plasts treated with exogenous DNA (Table 4). HoU et al. (1974) repor¬ 
ted that regenerated callus from soybean protoplasts grew slowly on 
medium containing mannitol as a carbon source following treatment 
with DNA extracted from Azotobacter vinelandiU The bacterium is 
able to metabolize mannitol as carbon source, while soybean cells do 
not grow on mannitol medium. However, they demonstrated, with 
radioactive mannitol and glucose, that the slow growth of the cells on 
mannitol medium was due to limited uptake of mannitol by the cells, 
and suggested that callus growth on mannitol medium may not be con¬ 
trolled by expression of the exogenously supplied DNA. 

Owens (1979) reported on binding of E. coli Col El-kan plasmid DNA 
by tobacco protoplasts. He demonstrated that 2,9% of the bound or 
irreversibly bound DNA was in an acid-insoluble form. He also tested 
kanamycin-resistance of plantlets or shoots obtained from DNA-treated 
protoplasts. However, there was no evidence for expression of the 
kanamycin-resistance gene derived from the Col El-kan plasmid in to¬ 
bacco tissues. 

Davey et al. (1980) carried out transformation experiments using Pe¬ 
tunia hybrida protoplasts and Ti plasmid DNA from A. tumefaciens. 
They stated that isolated Ti plasmid DNA can transform Petunia 
hybrida protoplasts. Evidence for transformation included continued 
proliferation of Petunia protoplasts on hormone-free medium, overgrowth 
formation, octopine synthesis, and lysopine dehydrogenase activity in 
the transformed cells. While mentioning that preliminary DNA-hybridi- 
zation tests indicate the presence of T-DNA in callus that is still 
synthesizing octopine, these tests have not been reproduced. 


PROTOCOLS FOR DNA UPTAKE BY PLANT PROTOPLASTS 
DNA Uptake 

1. Transfer 0.1 ml of a protoplast suspension (approximately 10® proto¬ 
plasts in culture medium containii^ 0.275 M sorbitol) into a 1,5 ml 
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2 . 


3. 


4. 


Eppendorf centrifuge tube. (See Gamborg and Wetter, 1975, for 
protoplast |»eparation and medium. Protoplast concentration can 
be determined by a Coulter electronic counter or a haemocytome- 
ter.) 

Add SO 111 of a protoplast culture medium containh^ 0.55 M sorbi- 


toL 

Add 50 111 of radioactive DNA solution (approximately 15,000 cpm 
for or “Olabeled DNA) in 0.1 X SSC (15 mM NaCl, 1.5 mM 
trisodium citrate, pH 7.0) buffer. (See Marmur, 1961, for bacterial 
radioactive DNA preparation, and Ohyama et al., 1972a,b, for 
radioactive plant DNA preparation.) 

Incubate at 28 C for 4 hr. 


DNase-Treatment, Washing, and Lysis of Protoplasts 

1. After incubation add 1.0 ml of protoplast culture medium containing 
0.275 M sorbitol. Centrifuge at 300 g for 3 min in International 
model HN centrifuge. (Place the Eppendorf centrifuge tube into a 
15 ml Corex centrifuge tube with a cushion of cotton.) 

2. Suspend protoplasts in 0.9 ml of the protoplast culture medium con¬ 
taining 0.275 M sorbitol, and incubate the protojdast suspension 
with 0.1 ml of DNase solution (1 mg/ml, Worthin^on) containing 
0.3 M MgClz at 37 C for 5-10 min. 

3. Wash protoplasts three times with 1.0 ml of the culture medium 
containing 0.275 M sorbitol by centrifugation at 300 g for 3 min. 

4. Lyse protoplasts with 1.0 ml x SSC (0.15 M NaCl, 15 mM trisodium 
citrate, pH 8.0) buffer containing 29$ Sarkosyl NL 30 (Ciba-Geigy). 


Determination of Total Uptake 

1. Transfer 0.5 ml of the lysate to a scintillation vial. 

2. Add 10 ml of toluene-Triton X-100 (2:1) containing 10 g per liter 
of butyl-PBD (2-(4-tert-butylphenyl)-5-(4-biphenylyl)-l,3,4-oxadi- 
azole). 

3. Measure radioactivity in a scintillation counter for 10 min. 


Determination of Acid-Precipitable Uptake 

1. Add 0.5 ml of cold 10% trichloroacetic acid (TCA) to the rest of 
the lysate (0.5 ml from section A, 2-4) in an Eppendorf centrifuge 
tube. 

2. After 30 min in ice-bath, collect precipitate on a glass fiber filter 
(Whatman GF/C, 2.1 cm diameter) attached to a Millipore filter 
apparatus. 

3. Wash precipitate three times with 5 ml of cold 5SI5 TCA and once 
with cold 9535 ethanol, and dry filter under an infrared lamp, 

4. Place filter in a scintillation vial, and add 5 ml of toluene contain¬ 
ing butyl-PBD (10 gA). Count radioactivity for 10 min. 
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PROTOCOLS FOR DNA BINDING AND UPTAKE BY ISOLATED NUCLEI 

Preparation of Nuclei from Soybean Protoplasts 

1. Suspend soybean protoplasts in 20 ml of B5 medium containing 
0.275 M sorbitol, 10 raM MgClj, 1 mM 2-mercaptoethanol, and 0.5* 
Triton X-100 (medium A). (See Gamborg and Wetter, 1975, for B5 
medium). 

2. Disrupt the [X'otoplasts using a Dounce homogenizer with 10 gentle 
strokes. 

3. Pass the homogenate once through a layer of Miracloth and twice 
through triple layers of Miracloth. 

4. Layer the filtrate on 4 ml of medium A in a 15 ml Corex centri¬ 
fuge tube, and centrifuge at 400 g for 5 min. 

5. Suspend nuclei pellets in 2 ml of medium A, layer the suspension 
on 4 ml of medium A, and centrifuge at 400 g for 5 min. Repeat 
this step twice to remove debris, cytoplasmic organelles, and 
starch granules. 

6. Suspend nuclei in 2 ml of medium A, layer the suspension on gradi¬ 
ents of 5 ml of 0.5 M sorbitol in medium A and 2 ml of 1 M sorbi¬ 
tol in medium A, and centrifuge at 100 g for 3 min. 

7. Take out the top layer containing the nuclei fraction and spin 
down the nuclei at 400 g for 5 min. Repeat steps 6 and 7 at 
least twice to ensure complete removal of larger particles such as 
unbroken protoplasts. (Cheek under a light microscope.) 

8. Suspend the purified nuclei in 1-2 ml of 0.01 M Tris-HCl buffer (pH 
7.5) containing 0.275 M sorbitol, 10 mM MgCh, 1 mM 2-mercapto¬ 
ethanol, and 0.1* Triton X-100. (The nuclei concentration can be 
determined by using a Coulter electronic counter or a haemocyto- 
meter.) 


DNA Binding and Uptake 

1. Transfer 0.1 ml of soybean nuclei suspension (approximately 10® nu¬ 
clei) into a 1.5 ml Eppendorf centrifuge tube. 

2. Add 0.1 ml of 1 M sorbitol, 0.1 ml of 0.05 M Tris-HCl (ph 7) con¬ 
taining 10 mM CaCl 2 , and 0.1 ml of distilled water. 

3. Add 0.1 ml of radioactive DNA (approximately 20,000 cpm for ^H- 
or i^C-labeled DNA). Incubate at 30 C for 20 min. 


Determination of DNA Binding 

1. After incubation, centrifuge at 400 g for 5 min in an International 
model HN centrifuge. (Place the Eppendorf centrifuge tube onto a 
15 ml Corex centrffuge tube with a cushion of cotton.) 

2. Wash nuclei three times with 1.0 ml of B5 medium containing 0.275 
M sorbitol, 10 mM MgCh, 1 mM 2-mercaptoethanol, and 0.5* Tri¬ 
ton X-100. (See Gamborg and Wetter, 1975, for B5 medium). 
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3. Suspend nuclei in 0.8 ml of the same medium and add 0.2 ml of 
10% Sarkosyl NL 30 (Ciba-Geigy). 

4. Transfer the whole lysate to a scintillation vial. 

5. Add 10 ml of toluene-'ftiton X-100 (2:1) containing butyl-PBD (10 
g/1)* Count radioactivity in a scintillation counter for 10 min. 


Determination of DNA Uptake 

1. Suspend the washed nuclei (from above) in 0.8 ml of 0.01 M Tris- 
HCl (pH 7.0) containing 0.275 M sorbitol, 10 mM MgC^, 1 mM 2- 
mercaptoethanol, and 0.1% Triton X-100. 

2. Add 0.2 ml of DNase solution (1 mg/ml, Worthington) and incubate 
at 30 C for 5-10 min. 

3. Wash nuclei three times with 1.0 ml of B5 medium containing 
0.275 M sorbitol. 

4. Lyse niffilei by addition of 0.5 ml of 2% Sarkosyl NL 30. 

5. Transfer 0,1 ml of the lysate to a scintillation vial and count 
radioactivity with 10 ml of toluene-T-iton X-100 (2:1) containing 
butyl-PBD (10 g/1). 


Determination of Acid-Precipitable Uptake 

1. Add 0,4 ml of cold 10% TCA to the rest of the lysate (from {srevi- 
ous section, step (4)). 

2. Collect precipitate on glass fiber (Whatman GF/C, 2.1 cm diameter) 
attached to a Millipore filter aparatus. 

3. Wash the filter three times with cold 5% TCA and once with cold 
95% ethanol, and dry filter under infrared lamp. 

4. Place filter in a scintillation vial, and add 5 ml of toluene contain¬ 
ing butyl-PBD (10 g/1). Count radioactivity for 10 min. 


FATE OF EXOGENOUS DNA TAKEN UP BY PROTOPLASTS AND 

ISOLATED NUCLEI 

DNA Analysis by Sucrose Density Gradient Centrifugation 

(Important; use ^H-labeled DNA for DNA analysis because of higher 

specific radioactivity.) 

1. Transfer the lysate (250 id, from previous protocols approximately 
10,000 cpm) into a 1.5 ml Eppendorf eentrifi^e tube. 

2. Immediately heat at 80 C for 5 min to destroy nuclease activity. 

3. Apply the lysate with a size marker i^C-labeled DNA of a 

known size) onto 8-20% linear sucrose density gradient formed in a 
Beckman SW 40 rotor centrifuge tube. 

4. Centrifuge at 23,000 rpm at 20 C for 17 hr in a Beckman model 
L5-65B ultracentrifuge. 

5. Attach the tube to a ISCO density fractionator model 640, and 
puncture the tube bottom. 
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6. Collect each 12-drop fraction into a scintillation vial. (Drop size 
may change during firactionation because of detergents in the ly¬ 
sate. A 12-drop fractionation gives approximately 60 fi*actions.} 

7. Count radioactivity for 10 min with 10 ml of toluene-Tlriton X-100 
(2:1) containing butyl-PBD (10 gA). 


DNA Analysis by CsCl Buoyant Density Gradient Centrifugation 

1. TVansfer the lysate (250 |d from previous protocols, apE^oximately 
5,000 cpm) into a 15 ml Corex centrifuge tube. (Important: Lyse 
nuclei with neutral detergents like Sarkosyl.) 

2. Make total volume up to 3.0 ml 1 x SSC buffer, and add a ^^P-, 
I'lC-labeled DNA (1,000 cpm), or nonradioactive Microccocus lyso- 
deikticus DNA (approximately ODjeonm = 2) as a density marker. 

3. Add 3.75 g of solid CsCl. (If any insoluble material is formed, re¬ 
move by centrifugation at 20,000 rpm for 20 min.) 

4. Adjust refractive index to 1.400 at 25 C. 

5. Transfer the solution into a Beckman SW 56 rotor centrifuge tube, 
and fill up with a good-quality mineral oil. 

6. Centrifuge at 23,000 rpm for 68 hr in a Beckman model L5-65B 
ultracentrifuge. 

7. Attach the tube to a ISCO density fractionator model 640. Punc¬ 
ture the tube bottom. (When nonradioactive density marker DNA 
used, monitor absorbance at 254 nm with ISCO model UA-5 moni¬ 
tor.) 

8. Collect each 6-drop fraction into a scintillation viaL (A 6-drop 
fractionation gives approximately 50 fractions.) 

9. Count radioactivity for 10 min with 10 ml of toluene-TViton X-100 
(2:1) containing butyl-PBD (10 gA). 


FUTURE PROSPECTS 

The methods described here provide information on DNA binding and 
uptake by plant protoplasts as well as isolated nuclei. The DNA up¬ 
take was enhanced by the addition of polycations such as poly-L-lysine, 
poly-L-ornithine, and some factors such as zinc ions. In most cases 
there is extensive DNA degradation by nucleases when protoplasts and 
nuclei are incubated for a longer period of time. This indicates that 
donor DNA must be protected against nuclease degradation until reach¬ 
ing the host genome. Recent developments of liposome-mediated DNA 
uptake by plant protoplasts offer an unique method to solve this prob¬ 
lem (Lurquin, 1981). 

In DNA uptake experiments caution must be paid to bacterial con¬ 
tamination that gives false information of DNA uptake and the fate of 
DNA in recipient cells (Kleinhofs and Behki, 1977). Furthermore, it is 
suggested that several methods such as acid-precipitable uptake deter¬ 
mination, autoradiography, chromatography, ultracentrifugation analysis, 
DNA-DNA hybridization, and agarose gel electrophoresis all be used to 
investigate the uptake and fate of donor DNA. Intact and clean proto- 
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plast preparations must be used, as dead protoplasts or membrane 
debris pr^erentiaUy absorbed exogenous DNA molecules (Hughes et al., 
1977; Kool, 1977; Kool and Pelcher, 1978). 

We are facing three major barriers to accomplish routine genetic 
transformation in plants: 

(1) Appropriate host cells must be identified. Plant protoplasts are 
believed to be the most suitable recipient cells, as protoplasts were 
found to take up exogenously supplied DNA. In some cases protoplasts 
can be regenerated into whole plants. It would be appropriate to use 
cell lines with genetic markers. 

(2) It is necessary to develop appropriate vectors. Donor DNA from 
various sources has been used in DNA uptake studies. For donor DNA 
to replicate in recipient cells, it must be incorporated into the replica¬ 
tion system of the recipient cells or it must have its own DNA replica¬ 
tion system that can function in the recipient cells. Vector systems 
capable of autonomous replication in plant cells are being developed to 
deliver donor DNA into recipient cells. Presently, several potential 
vectors are being studied: (a) the Ti plasmid of Agrobacterium tume- 
faciens. The T region of the Ti plasmid was found to integrate into 
nuclei of transformed cells. As genes adjacent to the T region are 
also integrated, this system could be used to introduce genes into 
recipient cells, (b) DNA from plant DNA viruses such as cauliflower 
mosaic virus also replicates in plant cells. This DNA can replicate in 
the cytoplasms of susceptible cells. Protoplast infection with CaMV 
DNA is being investigated, (c) Plant organeUe DNA such as chloro- 
plasts and mitochondria are found naturally in plant cells. The DNA 
from organelles is autonomously replicating and has several functional 
genes, including the large subunits of Fraction 1 protein, 32,000 dalton 
membrane protein, ribosomal RNA genes, and transfer RNA genes. Yet 
the development of this DNA as a vector has not been explored (Ohya- 
ma et al., 1982). 

(3) It is necessary to use donor DNA with a marker that can be sel¬ 
ected and expressed in recipient cells. To be useful for introduction of 
new traits into plant cells, genes of exogenously supplied DNA must be 
phenotypically expressed in recipient plant cells. To select transformed 
cells, normal recipient cells must be recessive to the gene which is 
used for the selection of transformants. That is, recipient cells must 
be recessive mutants and the donor gene must be dominantly expressed 
in the recipient cells. From this point of view, availability of reces¬ 
sive auxotrofrfiic mutants in recipient plant cells, such as amino acid-, 
carbohydrate-, base-, and nucleoside-requiring cells, would be excellent 
markers for DNA transformation in plants. Unfortunately, there are 
few auxotrophic or metabolic deficient mutants in plant cells. Alterna¬ 
tively, donor DNA with dominant resistance mutants could be used. 
The need for plant genetic markers suggests that efforts must be direc¬ 
ted to get a variety of metabolic mutants to facilitate DNA tranforma- 
tion experiments in plants. 

Development of efficient transformation systems in higher plants 
would permit introduction of genetically engineered DNA into plants. 
This engineered DNA could be cloned in plant cells and would contri¬ 
bute to crop improvements in the near future. 
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CHAPTER 15 

Liposome-Mediated Delivery 
of DNA to Plant Protoplasts 

B. Matthews 


INTRODUCTION 
Early Uses of Liposomes 

Liposomes are artifici^ lipid vesicles used to study membrane-mem¬ 
brane interactions and to deliver macromolecules including DNA and 
RNA, proteins, and therapeutic drugs to plant and animal cells. The 
highly ordered structure of liposomes consists of alternating lipid sheets 
and parallel aqueous compartments readily visible under the light 
microscope. Each bimolecular lipid sheet forms a complete, discrete 
compartment, sequestering its aqueous components such that they can 
escape only through diffusion across the bimolecular membrane. 

Liposome technology rapidly developed when preparative techniques 
became available that furnished phospholipids in high quantity for the 
first time. Early pioneers examined dried phospholipids on glass slides 
using the light microscope and watched while membranous mazes formed 
when a drop of water was added. Lipids such as phosphatidylcholine, 
phosphatidylserine, and cholesterol were observed to form closed mem¬ 
brane systems in the presence of water. These membranes simulated 
cell membranes, thus becoming interesting model systems to examine 
membrane physiology and transport. 

One early interest was the study of the effects of ions, such as so¬ 
dium and potassium, on the permeability of these artificial membranes 
(Bangham et al., 1965). The effects of charge and ionic forces upon 
the spacing of the concentric lamella of the lipid vesicles were also 
investigated. The spacing of the concentric lameUa could be altered 
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by changing the composition of the aqueous medium and the phospho¬ 
lipid composition being examined (Papahadjopoulos and Miller , 1967). 

As liposomes were used increasingly as artificial membrane models, 
new lipid compositions were employed, and the interaction and effects 
of ions on these liposomes were investigated. The transition tempera¬ 
tures of several different lipids were determined, i.e., the temperature 
at which the lipid was no longer in a gel state but became fluid. 
Cholesterol was observed to act as a membrane stabilizing agent de¬ 
creasing permeability and fluidity of Uposoraes. These early experi¬ 
ments led to a better understanding of cell-eeU fusion and membrane 
transport. 

More recently liposomes have been used to sequester a wide variety 
of molecules for delivery into cells. Papahadjopoulos et al. (1974) en¬ 
capsulated cyclic AMP within unilamellar vesicles and examined the ef¬ 
fects of the delivered cyclic AMP upon cultured mouse cells. The 
delivery of cyclic AMP by unilamellar liposomes into these cells was 
demonstrated by inhibition of cell proliferation. A variety of enzymes 
have also been introduced into cells via liposomes (Weissmann et al., 
1975; Cohen et al., 1976; Finkelstein and Weissmann, 1978). Many 
human diseases, including Tay-Sachs, Hunter, and Hurler disease, are 
caused by genetic deficiencies resulting in the aberrance or absence of 
specific cytoplasmic enzymes. Several investigators are examining the 
effects of enzyme replacement by delivering the appropriate enzyme to 
enzyme-deficient cells. Injection of unencapsulated enzyme directly 
into the bloodstream may induce an immune response. Also, the en¬ 
zyme disappears rapidly from the bloodstream and accumulates in the 
liver rather than reaching specific cells. The injected enzyme may 
interact undesirably with molecules in the circulatory system or liver 
to form toxic or potentially harmful compounds. Liposome-mediated 
delivery allows the enzyme to be sequestered and protected from com¬ 
ponents in the bloodstream to minimize unwanted interactions. The 
enzyme can be directed or "targeted" by liposomes to specific sites in 
the body. Site-specific targeting of liposomes is accomplished by 
attaching antibodies, specific for antigenic sites of the target cell, to 
the outside of the liposome (Weissmann et al., 1975; Heath et al., 1980; 
Van Route et al., 1979; Jansons and MaUett, 1981). Although much 
more basic research is needed before liposome technology is widely uti¬ 
lized for delivering enzymes, antineoplastic agents, antibiotics, and 
other chemotherapeutic and pharmaceutical compounds to target cells, 
this area of research promises to be exciting and rewarding for the 
treatment of several types of diseases. 


Entrapment and Delivery of Nucleic Acids by Liposomes to Mammalian 
Cells 

Nucleic acids encapsulated within liposomes are protected from deg¬ 
radation by extraliposomal nuclease activity. Ostro et al. (1977) en¬ 
capsulated ^H-RNA from E. coli within unilamellar vesicles formed by 
the ether infusion method of Deamer and Bangham (1976). The lipo¬ 
some mixture was treated with RNase which degraded the unencapsu- 
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lated 4S, 16S, and 23S bacterial RNA, and the liposomes were sepat^ 
ated from the unencapsulated fragments by column chromatography. 
The liposome-encapsulated RNA was preserved intact, as indicated by 
gel electrophoresis. Similar experiments have shown that DNA is pro¬ 
tected from external DNase degradation by liposome encapsulation 
(Hoffman et al., 1978; Dimitriadis, 1978, 1979; Mannino et al., 1979). 
Because liposomes can encapsulate and protect nucleic acids from nuc¬ 
lease attack, liposomes have been used to insert mRNA, rRNA, DNA, 
and chromosomes into a variety of ceils. Ostro et al. (1978) encapsu¬ 
lated mRNA coding for rabbit globin within liposomes and incubated the 
liposomes with nonglobin producing HEp-2 cells. *H-amino acids were 
added to label newly synthesized proteins. Analysis of the extracted 
[woteins revealed that the HEp-2 cells produced a globin-like protein 
as characterized by SDS polyacrylamide gel electrophoresis and sucrose 
density gradient centrifugation. A similar experiment was described by 
Dimitriadis (1978), whereby liposome-encapsulated rabbit globin mRNA 
was delivered to mouse lymphocytes; once again the mRNA was trans¬ 
lated. 

Liposomes have been used to deliver the E. coli plasmid, pBR322, to 
competent E. coli cells in the presence of high amounts of DNase 
(Fraley et aL, 1979). Transformation occurred as indicated by the for¬ 
mation of tetracycline-resistant colonies when liposome-encapsulated 
plasmid was used. No colonies were formed when £. coli were treated 
with unencapsulated plasmid. Similar experiments using Simian virus 40 
(SV40) DNA were conducted in which encapsulated viral DNA enhanced 
the infection of permissive monkey cells 100-fold over controls using 
unencapsulated SV40 DNA (Fraley et al., 1980). Thus liposome encap¬ 
sulation protects DNA from extraliposomal DNase degradation, preserv¬ 
ing the biological activity of the DNA until the contents of the lipo¬ 
somes are inserted into cells. 

Evidence indicating the transfer of a restriction fragment from the E, 
coli plasmid pBR322 to HeLa ceUs and chick embryo cells using lipo¬ 
some techniques has been reported by Wong et al. (1980). An 875 bp 
restriction fragment coding for p-lactamase activity was encapsulated 
within phosphatidylcholineiphosphatidylserine vesicles (molar ratio = 9: 
1). Unencapsulated DNA was removed by chromatographing the lipo¬ 
some mixture using a Sepharose 4B column. The purified vesicles were 
incubated with murine LM fibroblasts, chick embryo cells, and HeLa 
cells. Assays of extracts from each of these cells indicated the 
presence of Haetamase activity, suggesting that this prokaryotic gene 
could be expressed in eukaryotic cells. However, hybridization with 
probes to determine where the fragment was located, how much was 
present, and its stability and integration were not reported. 

Liposomes have been used successfully to coat human X chromosomes 
to form "lipochromosomes" and to insert closely linked genes on these 
chromosomes into A9 mouse cells (Mukherjee et al., 1978). Metaphase 
chromosomes from hypoxanthine guanine phosphoribosyltransferase 
(HGPRTase) positive cells were encapsulated, forming lipochromosomes, 
and were fused with HGPRTase-negative cells. Transformed cells were 
selected for survival in hypoxanthine-aminopterinthymidine (HAT) medi¬ 
um. A tenfold increase in frequency of HGPRT transfer occurred using 
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lipochromosomes as compared to uncoated chromosomes. Two other 
enzyme markers, human glucose-6-phosphate dehydrogenase and phospho- 
glycerate kinase, were also transferred, as indicated by electrophoretic 
analysis of the transformants. The frequency of transfer of the HGPRT- 
ase gene to the A9 mouse cells was approximately 10"®. In each of 
four clones examined, a fragment of presumptive human chromatin was 
present that was either free within the nucleus or was associated with 
the centromere of a mouse chromosome (Hoffman et al., 1981). These 
data indicate that intact chromosomes can be transferred using lipo¬ 
chromosomes and that chromosome fragments can survive either free or 
attached to a chromosome in the nucleus of the recipient cells after 
delivery. When the fragment is integrated into another chromosome it 
may do so at a preferential site. However, the stability of the trans¬ 
ferred trait is generally poor in the absence of selection pressure. 


Liposome-Mediated Delivery of DNA to Plant Protoplasts 

Conventional plant breeding has relied upon the sexual breeding pro¬ 
cess to produce new gene combinations. Combinations that cannot be 
achieved through this process may be derived by plant breeders in the 
future through the evolving field of plant genetic engineering. There 
stiU is a great gap in knowledge of gene structure, regulation, func¬ 
tion, and expression as well as a lack of well-defined and understood 
gene transfer vehicles, selectable and characterized markers, and DNA 
uptake and integration processes. 

DNA uptake by plant protoplasts has been examined by numerous 
laboratories and has been the topic of several extensive reviews (Klein- 
hofs and Behki, 1977; Lurquin and Kado, 1979). When radioactively 
labeled DNA is added to protoplasts, the DNA is rapidly degraded by 
DNase in the medium. Thus transformation of plant protoplasts by 
naked DNA, such as occurs in bacterial transformation experiments, 
does not appear to be feasible. Precautions must be taken to preserve 
the integrity of the DNA so that it can be taken up by the proto¬ 
plasts. Varying degrees of protection are afforded by manipulating the 
protoplast medium. Low temperature and sodium citrate have been 
shown to retard degradation of the DNA in the protoplast medium, but 
no experiments have been conducted to demonstrate transfer of intact 
DNA to protoplasts (Slavik and Widholm, 1978). High pH, ZnSOt, and 
kinetin can protect exogenously added DNA, but treatment with these 
agents decrease protoplast wall formation (Fernandez et al., 1978; 
Hughes et al., 1977). Currently, only poly-L-ornithine appears to have 
significant value in protecting DNA from exogenous DNase activity. It 
does not appear to damage protoplasts; however, much of the exogen¬ 
ously added DNA is still degraded in the protoplast incubation medium 
(Hughes et al., 1977). 

An alternative method for delivering intact DNA to protoplasts is 
through the sequestration of the DNA within liposomes and subsequent 
fusion with protoplasts. In 1979, liposomes were shown to encapsulate 
and protect RNA from nuclease degradation and to deliver substantial 
amounts of the RNA to carrot protoplasts (Matthews et al., 1979), E. 
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coli ^H-RNA was encapsulated within liposomes of various lipid compo¬ 
sitions and fused with carrot protoplasts. The RNA was then extracted 
from the protoplasts and examined on formamide-polyacrylamide gels 
and on sucrose gradients. These analyses indicated that the 23S RNA 
was degraded after delivery to the protoplasts, but some 16S and 4S 
prokaryotic RNA was still intact. No degradation of the E. coli RNA 
sequestered within liposomes was apparent even after treatment of the 
liposomes with RNase. Comparison of liposome-inserted RNA with 
naked RNA delivered to protoplasts indicated that liposome-mediated 
insertion provided much better protection of the RNA and delivered 
more intact RNA than did delivery attempts using uneneapsulated RNA. 

Several investigators have reported the liposome-mediated delivery of 
DNA to protoplasts. Matthews and Cress (1981) successfully used lipo¬ 
somes to deliver pBR322 plasmid DNA to carrot protoplasts. After 
incubation of the protoplasts with liposomes containing pBR322, the 
protoplasts were thoroughly washed to remove unincorporated liposomes, 
ruptured in the presence of an excess amount of rat DNA to prevent 
bindir^ of undelivered pBR322, and the protoplast nuclei weie isolated. 
The nuclei were treated briefly with DNase to remove any pBR322 ad¬ 
hering to the outside of the nuclei, lysed, and subjected to electropho¬ 
resis followed by hybridization with ^^P-probe for pBR322. Tliis analy¬ 
sis indicated that between 200 and 1000 intact copies of pBR322 were 
present in each nucleus after liposome-mediated delivery. 

Uchimiya and Harada (1981), utilizing a similar approach, examined 
the fate of pBR322 DNA 5 and 20 hr after insertion by liposomes into 
D. carota protoplasts. After 5 hr both open and closed circular pBR- 
322 molecules were present within the protoplasts; after 20 hr many of 
the open circular molecules present after 5 hr were degraded. Cova¬ 
lently closed circular pBR322 molecules appeared to be more stable and 
after 20 hr were stiU distinct on electrophoretic gels, indicating a pre¬ 
ferential degradation of the open circular molecules. 

Independent experiments by Lurquin (1979, 1981) demonstrated encap¬ 
sulation of DNA within liposomes and its suteequent delivery to cowpea 
and tobacco protoplasts. ^H-pBR322 plasmid was encapsulated within 
multUamellar vesicles (MLV) and incubated with protoplasts. Analysis 
of the plasmid DNA after delivery to the protoplasts indicated that 
most of the pBR322 remained highly polymerized, suggestii^ delivery of 
the plasmid to the protoplasts with little degradation. 

Delivery of liposome contents to protoplasts has been monitored using 
fluorescence techniques. The use of fluorescein diacetate (Uchimiya, 
1981; Cassells, 1978) and acridine orange-DNA complex (Lurquin and 
Sheehy, 1982) have been reported. However, fluorescein diacetate must 
be used with care when monitorir^ delivery of liposome contents to 
protoplasts, because low molecular weight compounds readily leak out 
of many types of liposomes. Rigorous controls must be performed to 
validate actual delivery. Liposomes encapsulating E, coli chromosomal 
DNA treated with the fluorescent dyes ethidium bromide or 4 '- 6 -diami- 
dino-2-phylindole (DAPI) have been used to monitor the interaction of 
liposomes with cowpea protoplasts (Lurquin, 1979). Individual and clus¬ 
ters of liposomes were observed in association with the protoplasts. 
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With the use of autoradiographic techniques, RoUo et al, (1980, 1981) 
also demonstrated the insertion of liposome-encapsulated DNA into pro¬ 
toplasts. When ^H-DNA from Bacillus subtilis was entrapped within 
liposomes and incubated with D. carota protoplasts, approximately 4% of 
the protoplasts were labeled, indicating the presence of ^H-DNA within 
the cytoplasm or nucleus. Control experiments in which unencapsulated 
^H-DNA was incubated with protoplasts indicated no association of the 
DNA within the protoplasts. 

The effects of sequestration and insertion of nucleic acids into proto¬ 
plasts utilizing liposomes prepared by several techniques and using 
several different lipid compositions have been examined by Lurquin et 
al. (1981). Positively charged vesicles sequestered more DNA than did 
neutral and negatively charged vesicles, but it remains to be estab¬ 
lished which lipid composition is optimal for insertion of liposome con¬ 
tents. Autoradiographic studies indicate that DNA delivery occurs 
when either positively or negatively charged vesicles are used (Lurquin 
and Sheehy, 1982). 

The contents of liposomes are probably delivered to the protoplast by 
fusion and endocytosis. Scanning electron micrographs taken by Lur¬ 
quin and Sheehy (1982) surest that liposomes fuse with the plasma 
membrane of protoplasts, delivering their contents to the cytoplasm and 
nucleus. In addition to fusion, endocytosis may also play a role. When 
cytochalasin B, an inhibitor of endocytosis in mamm^ian cells, was 
added to carrot protoplast-liposome incubation mixtures, the delivery of 
the liposome contents to the protoplasts was reduced by 35-60% (Mat¬ 
thews et al., 1979). The amount of inhibition was partially dependent 
upon the lipid composition of the liposome. The amount of delivery 
occurring in the presence of cytochalasin B probably represents the 
amount delivered by fusion. 


Biological Activity of Liposome-Delivered DNA and RNA 

Several investigators are attempting to document the delivery of bio¬ 
logically active RNA and DNA molecules to plant protoplasts. The 
investigations discussed in this section are very recent and in some 
eases only preliminary results are available, but they serve as a guide 
to future applications of liposome technology. 

Infection of plant protoplasts has been achieved through liposome- 
mediated delivery of biologically active viral RNA molecules. Tobacco 
mosaic virus (TMV) RNA was encapsulated within large, phosphatidylser- 
ine, unilamellar vesicles (LUV) and fused with protoplasts from Vinca 
rosea suspension cultures (Fukunaga et al., 1981). TMV production was 
monitored using fluorescent antibody against TMV. The viral RNA was 
protected by the liposomes from nuclease attack and delivered to the 
protoplasts. Over 50% of the protoplasts were infected by this method. 
TMV RNA has also been encapsulated within rotary evaporated vesicles 
(REV) by the method of Szoka and Papahadjopoulos (1978) and delivered 
to tobacco protoplasts (Fraley et al., 1982), Over 400 ng of TMV RNA 
per 10® protoplasts was detected 48 hr after delivery. RoUo and Hull 
(personal communication) have encapsulated turnip rosette virus (TRosV) 



526 Specialized CeU Culture Techniques 

and its RNA within multilamellar (MLV) and unilamellar (REV) vesicles. 
The TRosV encapsulated within MLVs infected turnip leaves but not 
protoplasts. The TRosV RNA entrapped within REVs infected turnip 
protoplasts, while unencapsulated TRosV RNA did not. Cauliflower mo¬ 
saic virus (CaMV) and its DNA have also been entrapped within lipo¬ 
somes where it is protected from DNase degradation (Ulrich, Goodman, 
Widholm, and Matthews, unpublished; RoUo and HaU, personal communi¬ 
cation). Local lesions can be formed on turnip leaves through the in¬ 
fection of the leaves by liposome-encapsulated CaMV DNA; however, 
neither group has yet reported the successful infection of turnip proto¬ 
plasts by liposome-sequestered CaMV DNA. 

Liposomes have also been used to deliver the crown gall tumor in¬ 
ducing (Ti) plasmid from Agrobacterlum tumefaciens to protoplasts. 
Evidence for liposome-mediated delivery of the Ti plasmid to tobacco 
cells has been obtained by two independent groups (Dellaporta and Fra¬ 
ley, 1981; Owens, Matthews, and Cress, unpublished). In the latter 
studies, octopine-producing clones which displayed hormone-independent 
growth were isolated. These putative transformants have proved to be 
unstable upon successive subculturing and both traits were eventually 
lost. Although many of these reports are preliminary, it is clear that 
liposomes can deliver biologically active molecules to plant protoplasts 
under appropriate conditions. 


METHODS OF LIPOSOME FORMATION 
Parameters Influencing Encapsulation 

Liposomes can be composed of an infinite number of varied propor¬ 
tions of phospholipids. Lipids frequently used for liposome studies in¬ 
volving plant protoplasts include phosphatidylcholine, phosphatidylserine, 
stearylamine, p-sitosterol, dicetyl phosphate, and cholesterol. Depending 
upon solubility, the phospholipids can be stored as stock solutiors 
either in chloroform or methanol under nitrogen at -20 C for several 
weeks. 

The phospholipid composition of liposomes is a major factor influenc¬ 
ing encapsulation, permeability, fluidity, and surface charge. Ostro et 
al. (1980) demonstrated that within one hour 50% or more of ^H-uridine 
was lost from liposomes, depending upon the lipid composition. These 
compositions included various proportions of phosphatidylcholine, dicetyl 
phcKphate, lysophosphatidyleholine, and cholesterol. Cholesterol landed 
rigidity to the liposomes, making them less fluid and less permeable, 
thus helping to retain the encapsulated material. When ^H-RNA was 
encapsulated within liposomes of identical compositions, only 3-13% of 
the radioactivity was lost after 24 hr, indicating that although low 
molecular weight molecules readily permeate through the liposome mem¬ 
brane, high molecular weight molecules remain entrapped for a substan¬ 
tial period of time. 

Entrapment of DNA by liposomes increases when larger amounts of 
phospholipid are used (Hoffman et al., 1978; Szoka and Paphadjopoulos, 
1978; Matthews and Cress, 1981) and is dependent upon the encapsular 
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tion technique. The size of the DNA does not appear to influence 
encapsulation; even large structures such as chromosomes (Mukherjee et 
al., 1978; Matthews, unpublished) and ehloroplasts (Giles et al., 1980) 
have been encapsulated or at least lipid-coated under the appropriate 
conditions. 


Liposome Encapsulation Techniques 

Several methods of liposome formation are available, and the choice 
depends upon the use of the liposomes and the material to be encapsu¬ 
lated. There are at least a dozen general methods for making lipo¬ 
somes which differ in ease of formation, efficiency of encapsulation, 
vesicle size, trapped volume, homogeneity, and desired phospholipid 
composition. Several of these methods are compared in Table 1. 


Table 1. Techniques for Liposome Formation 


METHOD^ 

TYPE VESICLE 

SIZE (A) 

ENCAPSU¬ 
LATION (%) 

Hand-shaken 

MLV 

Vary 

15 

Ether infusion 

LUV 

500-2500 

10 

Sonication 

SUV 

200-500 

1 

Calcium-induced 

fusion 

LUV 

2,000-10,000 

10 

Reverse-phase 

evaporation 

REV 

2,000-10,000 

40 


®Data were compiled from Szoka and Papahadjopoulos (1978), Szoka 
(1980), Ostro et al. (1980), and Papahadjopoulos et al. (1975). 


1. HAND-SHAKEN MULTILAMELLAR VESICLES (MLV). This method 
entails the rotary evaporation of lipids in an organic phase until the 
round bottom flask is evenly coated with a thin film of lipid and no 
trace of organic solvent remains. The material to be encapsulated is 
then added in an aqueous phase solution, and the flask is shaken by 
hand or sonicated. The lipid material forms multilamellar vesicles en¬ 
trapping portions of the aqueous phase. The suspension is allowed to 
incubate at room temperature for 2 hr. Hiese multilamellar vesicles 
generally trap less volume than large unilamellar liposomes, but have a 
much lower passive diffusion rate (Scieren et al., 1978). This method¬ 
ology may find applications in the encapsulation or coating of large 
particulate matter such as mitochondria, ehloroplasts, or chromosomes 
for transfer to protoplasts, because it avoids contact of the material to 
be encapsulated with an organic phase, such as when the reverse phase 
evaporation technique is used (Method 5). Also, it avoids high temper¬ 
atures that are necessary with the ether infusion technique (Method 2). 
However, the heterogeneity in liposome size, the multilamellar struc¬ 
ture, and low encapsulation efficiency of the liposomes limit the uses of 
liposomes made by this method. 
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2. ETHER INFUSION TECHNIQUE FOR UNILAMELLAR VESICLES 
(LUV). This technique, first described by Deatner and Bangham (1976), 
can be used to efficiently entrap high molecular weight molecules by 
injecting an organic phase, usually petroleum ether, containing phospho¬ 
lipids into a heated aqueous phase containing the material to be encap¬ 
sulated. The temperature of the aqueous phase, the rate of injection 
of the organic phase, and the concentration of the phospholipid are 
important in obtaining good vesicle formation. Unilamellar liposomes of 
fairly uniform size are produced with a high trapped volume. The 
ether infusion technique was the first available method that could be 
used to routinely encapsulate high molecular weight compounds such as 
RNA and DNA within unilamellar vesicles. It is more difficult to pro¬ 
duce sterile liposomes by this method than by the reverse phase evap¬ 
oration technique, because more manipulations are involved. Further¬ 
more, heat-labile proteins are denatured by this method. Althoi^h the 
either infusion technique forms liposomes which entrap 10* of the 
available aqueous volume, the amount of material which can be en¬ 
trapped using the reverse phase evaporation technique is higher. The 
former method provides liposomes of a more uniform size suitable for 
studies involving membrane model systems. 


3. SONICATION TO FORM SMALL UNILAMELLAR VESICLES (SUV). 
Large multilamellar vesicles (MLV) encapsulating desired macromolecules 
can be sonicated to form small unilamellar vesicles (SUV). Sonication 
can be achieved using either a probe sonicator or a bath sonicator. 
The probe sonicator introduces contamination and shears DNA more 
readily, so the bath sonicator is usually preferred. The small size of 
these vesicles limits the size of the molecules which can be encapsu¬ 
lated. However, they are useful when a homogeneous population of 
vesicles is required. 


4. CALCIUM-INDUCED FUSION (LUV). Small unilamellar vesicles 
made from acidic phospholipids can be induced to fuse to produce large 
cochleate cylinders by adding calcium (Papahadjopoulos et al., 1975, 
1976). Upon the addition of EDTA, these multilamellar structures form 
large unilamellar vesicles. This method enhances the range of size of 
molecules that can be encapsulated within unilamellar vesicles and 
encapsulates macromolecules under mild conditions, thus reducing the 
risk of mechanical damage. 


5. REVERSE-PHASE EVAPORATION TECHNIQUE (REV). This pro¬ 
cedure produces large liposomes which encapsulate a high percentage of 
the available aqueous material. In 1978 Szoka and Papahadjopoulos 
described their newly devised system using reverse-phase evaporation 
which routinely produces liposomes encapsulating approximately 40-50* 
of the aqueous material presented. These liposomes possess a high 
aqueous space to lipid ratio and are unilamellar and oligolameUar. 
This method is useful for encapsulating high molecular weight molecules 
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such as DNA and intact mitotic plant chromosomes, but it destroys 
chloroplasts and mitochondria (Matthews and Cress, 1981; Matthews, un¬ 
published). The amount of encapsulation of aqueous material is strongly 
dependent upon the amount of lipid material present in the organic 
phase. With this method, the aqueous material to be encapsulated is 
added to the organic phase containing the phospholipids. Tlie mixture 
is sonicated (or hand shaken if the material of be encapsulated is sen¬ 
sitive to sonication) to form an emulsion which is then rotary evapor¬ 
ated under nitrogen until the liposomes are formed and no trace of 
organic solvent is present. The protocol for making liposomes by this 
method is presented below. Because this method of producing lipo¬ 
somes is very simple, it lends itself to maintaining liposome sterility for 
use in DNA and RNA transfer studies. Within 3 years it has become 
the method of choice for many investigators conducting genetic engi¬ 
neering studies. 


PROTOCOL FOR REVERSE-PHASE EVAPORATION VESICLES (REV) 

MADE OF PHOSPHATIDYLCHOLINE (PC), DICETYL PHOSPHATE (D), 

AND LYSOPHOSPHATIDYLCHOLINE (LPC) (8PC;2Ds0.4LPC). 

1. Lipids, stored at -20 C under nitrogen in chloroform, are allowed 
to warm up to room temperature. 

2. Pipet the following lipids into a 50 ml round bottom flask: 12.5 
ml D (100 mg/100 ml), 0.5 ml PC (100 mg/ml), 5.0 LPC (50 mg/ 
100 ml). 

3. Rotary evaporate under vacuum until aU chloroform is removed. 

4. Redissolve lipid in 5 ml anhydrous ether. 

5. Add 1.5 ml HEPES buffer containing ^H-DNA in HEPES buffer: 2 
mM HEPES, 2 mM NaCl, 2 mM KCl, pH 7.4. 

6. Layer nitrogen over surface. 

7. Hand shake 5 min or until a good dispersion is formed. 

8. Rotary evaporate 15-20 min at 200 rpm to remove ether. 

9. Add 2.0 ml HEPES, shake to disperse lipids and rotary evaporate 
5-10 min. 

10. Remove liposomes and rinse flask with 1.0 ml HEPl^ to obtain re¬ 
maining liposomes. 


Purification of Liposomes from Unencapsulated Materials 

Several methods are available for removing unencapsulated DNA or 
RNA from the liposome preparation. The removal of unencapsulated 
materials is needed to calculate the amount of a compound encapsu¬ 
lated within the liposomes. Unencapsulated DNA and RNA are degra¬ 
ded by nuclease added to the liposome preparation; the resultant nu¬ 
cleic acid fragments are separated from the liposomes by column 
chromatography (Ostro et al., 1977; Matthews et al., 1979). Elution 
of the liposomes is monitored by change in absorbance at 650 nm and 
is observed as a milky white suspension eluting with the void volume. 
Autoolavable column matrices, such as Sepharose CL-2B, are available 
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Figure 1. Profile of FicoU. gradient used to separate liposomes from 
unencapsulated materials. Radioactivity (—) and absorbance at 650 
nm (—) are depicted. Gradient was fractionated from top to bottom. 
Procedure is as described in the Protocol. 

for sterile column chromatography. Liposomes can also be separated 
from unencapsulated fragments by high speed centrifugation which pel¬ 
lets the liposomes while the fragments remain in the supernatant (Fra¬ 
ley et al., 1980). An efficient method used routinely in several labora¬ 
tories utilizes FicoU, as described in detail in the following protocol. 
This method is simple, rapid, provides good separation of the liposomes 
from unencapsulated material (Fig, 1), and aUows sterility to be easily 
maintained. If a liposome preparation is suspected of being contami¬ 
nated, the preparation can be sterilized by passing it through a 0.2 
micron filter (Szoka et al., 1980). However, 30-4036 of the entrapped 
molecules are released by this procedure. 


PROTOCOL FOR FICOLL GRADIENT SEPARATION OP LIPOSOMES 
FROM UNENCAPSULATED DNA (PROCEDURE DERIVED FROM FRALEY 
ET AL., 1980) 

1. Mix 1.5 ml liposomes with 3 ml of 30* FicoU in a test tube. 

2. Layer 9 ml of 10* FicoU on top of mixture. 

3. Layer 3 ml of HEPES on top of 10* FicoU layer. 

4. Centrifuge gradient for 30 min at 16,300 x g. 
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5. Liposomes are at the top of the gradient, while nnencapsulated 
material is in the lower portion of the gradient (see Fig. 1). 


LIPOSOME-PROTOPLAST INTERACTION 
Liposome Membrane Composition 

Conditions optimizing encapsulation of material by liposomes, inser¬ 
tion of liposome contents into protoplasts, and protoplast viability after 
treatment are necessary to maximize the probability of success of gene 
transfer experiments. By altering the phospholipid composition of the 
liposome membrane, the overall charge of the liposome surface can be 
made positive, neutral, or negative. Stearylamine is commonly used 
with neutral lipids such as cholesterol and phosphatidylcholine to form 
positively charged vesicles, while dicetyl phosphate or phosphatidylser- 
ine are used in combination with neutr^ lipids to form negatively 
charged vesicles. Lurquin et al. (1981) reported that positively 
charged multilamellar vesicles (MLV) and unilamellar vesicles (LUV) 
possess a higher affinity for nucleic acids, although negatively charged 
vesicles formed by the reverse phase evaporation technique (REV) also 
successfully encapsulated DNA and RNA (Lurquin and Sheehy, 1982). 
Experiments by several investigators (Ostro et al., 1980; RoUo et al., 
1981; Fraley et al., 1982; Lurquin and Sheehy, 1982) indicate that the 
charge of the liposome also affects the interaction of the liposome with 
the protoplast. However, the conditions for encapsulation and incuba¬ 
tion of liposomes with protoplasts appear to play a large role in deter¬ 
mining which charge is most effective in promoting liposome-protoplast 
interaction. Most investigators agree that liposomes containing choles¬ 
terol are more stable and tend to retain the encapsulated molecules 
longer without leakage, thus providing more protection for encapsulated 
DNA and RNA. Several investigators working with mammalian systems 
have modified the external liposome membrane by the addition of pro¬ 
teins and immunoglobins in order to "target" liposomes for interaction 
with specific cells. Similar methods may increase liposome-protoplast 
interaction. 


Liposome-Protoplast Incubation Conditions 

By manipulating liposome-protoplast incubation conditions, delivery of 
liposome contents to protoplasts can be varied from less than 1% to 
over 50%. Many parameters, including the chemical composition and pH 
of the incubation medium, proportion of liposomes to protoplasts, tem¬ 
perature, and the use of membrane fusing agents, augment liposome- 
mediated deliver. For example, incorporation of liposome contents into 
protoplasts is greatly dependent upon the temperature of the incubation 
medium (Fig. 2). As the temperature of the fusion medium is increased 
the fluidity of the liposome membrane and the protoplast membrane in¬ 
creases, allowing the membranes to fuse more easily. Daucus carota 
protoplasts can be incubated with liposomes at 37 C for more than 2 
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Figure 2. Temperature effect on uptake of liposomes by carrot proto¬ 
plasts. Liposomes (Asso = 0.5) were added to 2 x 10^ protoplasts and 
incubated 1 hr. 



HOURS OF INCUBATION 

Figure 3. Uptake of lipsomes by carrot protoplasts with time. Proto¬ 
plasts (6 X 10®) and liposomes (A 550 = 0.761) were incubated for 2 hr 
at 37 C in an incubation volume of 6.0 ml. Each point represents the 
average of three experiments. 

hr to increase delivery while retaining high protoplast viability; other 
protoplasts may be more sensitive to the effects of temperature. The 
pH of the fusion medium also influences liposome-protoplast interaction 
(Matthews eind Cress, 1981). When the pH of the medium is decreased 
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to 5 there is an increase in fusion of protoplasts with liposomes com¬ 
posed of phosphatidylcholine, dicetyl phosphate, and lysolecithin (8PC: 
2D:0.4 Ly). 

Liposome uptake by D. carota protoplasts occurs in a nearly linear 
fashion during the first two hours of incubation (Fig. 3) and then de¬ 
creases. Insertion of liposome contents into the protoplasts is also 
proportional to the number of protoplasts available for interaction. Al¬ 
though liposome incorporation can be increased using a high protoplast 
to liposome ratio, the number of molecules inserted per protoplast is 
higher when a high liposome to protoplast ratio is used. 

An increase in the insertion of liposome contents into protoplasts can 
be achieved by using various chemical fusing agents (Matthews and 
Cress, 1981; Lurquin, 1979; Fukunaga et al., 1981; Fraley et al., 1982). 
Polyethylene glycol G’EG) 4000, 6000, and 8000 have been very effect¬ 
ive as fusing agents as has polyvinyl alcohol (PVA). Insertion of the 
contents of over 4056 of the available liposomes has been achieved us¬ 
ing PEG; however, protoplast viability 24 hr after treatment was less 
than 10% (Matthews, unpublished). Although high amounts of fusion can 
be achieved, moderate delivery conditions tend to maintain higher pro¬ 
toplast viability (Table 2). The protocol achieving these results is 
given in Fig. 4 and below. Maximum percentage incorporation of lipo¬ 
some contents by protoplasts must be balanced with protoplast viabili¬ 
ty. Under current conditions such a balance occurs within the range 
of 20-30% incorporation. Cells with a higher percentage incorporation 
do not form cell walls as quickly, and many were still protoplasts or 
were inviable after 7 days. 


Table 2. Effect of Polyethylene Glycol (PEG 8000) on Liposome- 
Mediated Delivery of ^H-£. coli DNA to D. carota 
Protoplasts and on Protoplast Viability 


PEG (%) 

CPM 

INCORPORATION (%) 

VIABILITY (%)® 

0 


1.1 

90.4 

6 


4.6 

45.2 

11 

3061 

35.6 

9.4 

15 

2193 

25.5 

14.4 


^Viability was determined by staining cells with phenosafranin or Evans 
Blue 1 week after plating on agar medium. 


LIPOSOME-PROTOPLAST INCUBATION PROTOCOL 
Carrot Protoplast Formation 

!• Carrot protoplasts are prepared by incubating 5-day-old D. carota 
cells in 4% eellulysin and 1% macerase in 0.3 M sorbitol, 0.3 M 
mannitol, 3 mM 2[N-mor[diolino]ethanesu]fonic acid (MES), 6 mM 
CaCl2-2H20, 0.7 mM NaH 2 PO 4 H20, pH 5.7. 
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3H-E. coli DNA 


ENCAPSUUTED WITHIN 
LIPOSOMES 


"Y 


INCUBATE 
30 min 
37“C 


PROTOPLASTS 


11% PEG 8000 
15 min 
37“C 


HARVEST 


CPM PLATE 

Figure 4. Protocol for determining uptake of liposomes by ja-otoplasts 
and protoplast viability. 

2. After 4 hr wash the protoplasts using the same incubation medium, 
but lacking enzymes. 

3. Dilute the protoplasts to a concentration of 10®/nil. 




Liposome Preparation 

1. Liposomes are prepared as described in the Protocol for REV using 
desired lipid composition. 

2. Dilute the liposomes with HEPES buffer to Agso = 0.6. 


Liposome-Protoplast Incubation 

1. Mix in a capped, sterile test tube; 0.5 ml liposomes; 0.5 ml fusion 
medium consisting of 0.6 M Mannitol, 0.6 M Sorbitol, 6 mM MBS, 12 
mM Caa2-2H20, 1.4 mM NaH 2 P 04 , pH 4.7; 1 ml carrot proto¬ 
plasts (10 /ml). 

2. Incubate for 30 min at 37 C with test tube inverting at 2 rpm. 
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3. Slowly add 1.1 ml of PEG Solution (37 C) containit^: 30SK PEG 
8000, 5 mM CaClj, 0.1 M Glucose, pH 4.7. lliis yields a final 
PEG concentration of 11*. 

4. Gently mix and incubate for 15 min at 37 C. 

5. Dilute slowly with protoplast incubation solution (see text). 

6. Centrifuge at 200 x g for 5 min and resuspend for plating or wash 
twice more and determine amount of uptake. 


FUTURE PROSPECTS FOR LIPOSOME-MEDIATED DELIVERY 

Several new frontiers in molecular biology and genetics will develop 
in conjunction with liposome encapsulation and delivery techniques. 
The use of liposomes for delivering DNA and mRNA to plant protoplasts 
is particularly exciting and virtually unexplored. A range of experi¬ 
ments examining in vivo regulation of mRNA synthesis and translation 
can be envisioned through the delivery of different mRNAs to plant 
protoplasts. It may be possible to encapsulate and insert different 
mRNAs into protoplasts to study in vivo translation under different 
cellular environments. Furthermore, the processing of the resultant 
translated protein product may be studied as well as its transport to 
specific ceUular locations. Protein assembly could be examined from a 
variety of perspectives. Also, in vivo processing of liposome-delivered 
mRNA may be investigated, whereby factors involved in mRNA recogni¬ 
tion by ribosomes and regulatory enzymes could be identified. This 
could involve the analysis of mRNA half-lives and the possible recogni¬ 
tion of mRNA as self or foreign. How long and how effectively would 
mRNA from one species be translated in closely related and distantly 
related species? For instance, if biologically active mRNA coding for 
the small subunit of RuBPCase was isolated from two related species 
and these mRNAs were delivered individually and together to a meso- 
phyll protoplast, which one would be preferentially synthesized, how 
would this affect the synthesis of the large subunit, would there be a 
difference in the half-life of the two mRNAs, would the protein product 
be transferred into the chloroplast and be assembled with the large 
subunit, and what effect would this have on carbon fixation? Many 
other questions could be asked and perhaps answered using similar sys¬ 
tems to study basic molecular mechanisms. 

Liposome encapsulation is currently a promising method for delivering 
genetically engineered DNA to plant protoplasts. Transformation exper¬ 
iments utilizing concentrated DNA with high gene copy number have 
high probability for success using liposome-mediated transfer. Resist¬ 
ance to herbicides, pathogens, environmental stresses, and other impor¬ 
tant traits, especi^y those coded for by single genes, may be inserted 
into plants via liposomes in the future. Matthews and Cress (1981) 
have reported liposome-mediated delivery of between 200 and 1000 
intact copies of pBR322 per carrot nucleus. Significant gains in opti¬ 
mizing liposome delivery have been obtained since then, imjx'oving the 
chances for successful delivery and insertion of biologic^y active DNA 
into protoplast nuclei. Within the next few years it is likely that 
sever^ laboratories will be able to deliver genes to plant protoplasts 



536 


Specialized Cell Culture Techniques 


using liposomes. Continued use of liposomes in this capacity is depend¬ 
ent upon the success and limitations of other techniques which show 
potential. One exciting alternative method is that of direct fusion of 
bacterial spheroplasts with protoplasts (Hasezawa et al., 1981). This 
method would aUow genetic^y engineered plasmid DNA to be replica¬ 
ted within the bacteria, rather than extracting and purifying the plas¬ 
mid DNA for liposome-mediated insertion. The bacterial wall would 
then be enzymatically removed and the resultant bacterial spheroplast 
fused with the plant protoplast. If this method can be developed into 
an efficient mode of DNA insertion and protoplast transformation, lipo¬ 
somes may be less useful for certain genetic engineering applications. 

It is also likely that liposome-mediated chromosome transfer will be 
successful as it has been in mammalian systems. Although plant cell 
cultures are less easy to synchronize than mammalian cell cultures, 
intact chromosomes can be isolated in high enough numbers to initiate 
chromosome transfer experiments using plant materials (Malmberg and 
Griesbach, 1980; Griesbach et al., 1981; Matthews, 1981). Liposomes 
can protect the isolated chromosomes from extracellular degradation. 
Although much of the chromosome may be degraded once it is inside 
the cell, fragments that contain gene clusters are likely to remain in¬ 
tact, thus conferring new traits. The success of such insertions may 
be enhanced by determining optimum conditions for liposome encapsula¬ 
tion, liposome-mediated delivery, and insertion. Such factors as the 
influence of cell cycle stage on uptake and insertion, the use of lipo¬ 
somes in combination with other DNA-protecting agents, and the form, 
complexity, and base sequence of the DNA to be inserted may all con¬ 
tribute to the success or failure of the insertion and expression of bio¬ 
logically active DNA. When these parameters are optimized for inser¬ 
tion while maintaining protoplast viability, liposomes promise to be a 
useful tool to aid in the modification of plant genomes for basic and 
applied research. 
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CHAPTER 16 

Chromosome Number Variation 
and Karyotype Stability in Cultures 
and Culture-Derived Piants 

A.D.Krikorian, S.A. O'Connor, and M.S. Fitter 


INTRODUCTION 
Some Generalities 

In this chapter emphasis will be placed on the fact that it will not 
be possible to provide details of rigorous experimental techniques and 
protocols that can be applied without modification to a broad spectrum 
of material. One of the central problems is that it is often very diffi¬ 
cult to extend techniques used on intact plants or plant organs such as 
root tips to cultured tissues and cells. Even if the methods have been 
developed for cultures of a given species and have been published, ex¬ 
trapolation is frequently not easy, because of variation among species, 
cultivars, and even genotypes within a species. Therefore, variation in 
responsiveness to a given method is to be expected. In outbred popu¬ 
lations it is sure to be especially wide. Our approach, therefore, will 
necessarily be a generalized one, and by far the greater emphasis will 
be placed on certain principles. The most one can expect from such a 
summary are guidelines! 

This chapter tacitly assumes that the study of karyology or chromo¬ 
somes of cultured plant cells and tissues can provide a realistic bridge 
between the need for a better understanding of the nutrition of cul¬ 
tured plant tissues and cells, the factors which attend the release and 
expression of their morphological competence, and crop plant improve¬ 
ment. At the same time, the study of chromosomes in cultures may be 
an end in itself against the day when sophisticated cytogenetics can 
routinely be carried out using cell or protoplast cultures. Because 
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definitive studies on chromosomal stability or lack thereof in cultured 
systems are, in our view, still at a preliminary stage of design and de¬ 
velopment, it is fair to say that before the use of cultures for crop 
improvement are fully realized, it will be critical to control and under¬ 
stand better the culture conditions in the broadest sense possible. The 
karyology and cytogenetics of cultured plant cells have not been nearly 
as extensively developed as one would have expected, and plant work¬ 
ers lag far behind those who work with animal cells (Yunis, 1974). 
This state is due in part to the relatively few investigators that have 
concerned themselves seriously with the problems, but it is also due to 
the very real technical difficulties that exist and reflect the state of 
the art. 


Establishment of Cultures and Procurement of Cell Lines 

Unlike some mammalian cell lines that are certified and may be pur¬ 
chased from places like the American Type Culture Collection, "stan¬ 
dard" plant tissue or cell lines are not available through a centralized 
facility. Except throi^h the courtesy of individual investigators who 
may be willing to provide others with already established materials 
(Withers, 1981), those working with cultured plant systems are forced 
to initiate and maintain cultures of their own. Whatever the reason, 
this is highly desirable, since it is the only way to begin to know and 
fully understand what might be occurring in a culture under a given 
set of conditions. There are sure to be plenty of unforeseen difficul¬ 
ties confronting a worker in this field without adding to the problems 
of the additional unknowns entailing subtle (and some not so subtle) 
intricacies of culture methodology, etc. TYiroughout these volumes one 
will repeatedly appreciate various peculiarities of methodology and 
seeming or real idiosyncracies of a given laboratory. In some cases 
these may affect or seriously alter the outcome of a procedure. Occa- 
sioneilly, they may be the sole difference between success and failure! 
One cannot exaggerate the overriding need for establishing cultures 
under as carefully defined conditions as possible. We even insist on 
processing our own supplies of so poorly defined a supplement as coco¬ 
nut water. References may also be made to publications which show 
that the composition of even a nominally well-established culture me¬ 
dium such as that of White may not be universally agreed upon (Singh 
and Krikorian, 1981). The same is true for the amount of chelate in 
the widely used iron EDTA complex in the medium of Murashige and 
Skoog (Singh and Krikorian, 1980). 

We hope that all will agree that there is little to be gained by 
working with cxiltured cells and tissues that are inadequately defined or 
described as to their origin. There is a critical need to know as much 
biology (including the genetics) as possible of the plant with which one 
is working. Equally important is the need to know the anatomical ori¬ 
gin or histological site from which the primary culture was originally 
derived. Attention must also be given to the medium on which it was 
initiated and subsequently maintained and the number of passages that 
it underwent and the environmental parameters to which the culture 
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was exposed. In short, as obvious and elementary as this may all 
seem, only occasionally does one know the precise "cultural history" of 
the material which is being examined. 


Baseline Information 

A PLEA FOR WORK USING IDENTIFIED GERMPLASM. Investigators 
at various research institutes that specialize in a particular crop plant 
wiU perhaps not need to be concerned with the first criterion as much 
as others, because substantial amounts of information are sure to be 
available to them. They will be familiar with the botany or biology of 
the plant and its agronomic needs. The specific research goals wUl be 
carefully delineated, and a rather large body of data will often be 
available to them on the cytology and cytogenetics of the plant(s) in 
question. If the organization is fortunate enough to have individuals 
who are skilled in culture techniques, then a collaborative effort be¬ 
tween "tissue culturist" and breeder is sure to be satisfying. But it is 
equally certain that there will be many individuals who are skilled to 
varying degrees in one or another of the disciplines. Such individuals 
can play a major role in the development and expansion of the know¬ 
ledge and expertise that ultimately will permit the anticipated poten¬ 
tial of crop improvement via tissue culture to be realized if they 
adhere strictly to a few guidelines. 

A listing of the national and international centers responsible for 
germplasm collection of specific crop plants may be found in Thurston 
(1977, p. 225) and Sprague (1980, p. 154). 


LITERATURE SOURCES FOR PRELIMINARY BASELINE DATA. Al¬ 
though it would be very valuable, but because it could never be even 
marginally comprehensive and would take too much space, primary lit¬ 
erature citations will not be given here to the many sources on the 
cytology and cytogenetics of crop plants available to workers. It 
would be unpardonable, however, to omit a few secondary sources. 
Simmonds (1976) is an excellent place to start for anyone interested in 
tracking down the karyotype or chromosomal characteristics of a speci¬ 
fic crop plant. Ttie contributors to that volume, all experts on their 
respective plants, have included valuable information and key references 
on the chromosomal relationships of virtually all the major and many of 
the minor crops. Ferwerda and Wit (1969) cover a wide range of trop¬ 
ical plants in substantial detail. Simmonds (1979) should also be con¬ 
sulted. In addition to the many journals in which cytogenetic informa¬ 
tion is available, mention should be made of Field Crop Abstracts and 
the now-standard books in the Leonard Hill World Crops series and the 
Longman Tropical Agriculture series. The American ^ciety of Agron¬ 
omy and the Crop Science Society of America occasionally publish 
monographs on selected plants. Invariably these include comprehensive 
cytogenetic treatments, see Helianthm, the sunflower, for instance in 
Whelan (1978). If a crop is so "minor" or so "exotic" that it has not 
yet been included in these conventional sources, we recommend for a 
start that one consult Fedorov (1969). 
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GENERATION AND PRESENTATION OF BASELINE DATA. The 
study of chromosome morphology in some crop plants has advanced to 
the point where oftentimes it is possible to establish a detailed profile 
of the nucleus or karyotype. A karyogram may be defined as a sys- 
temized or orderly arrangement of the chromosomes of a single cell 
prepared with the aid of photography or by drawing. The implication 
is that the number and morphology of the chromosomes shown is not 
only representative of the cell, but typifies or karyotypes a given indi¬ 
vidual, cultivar, species, etc. The term idiogram is ordinarily reserved 
for the diagrammatic representation of a karyotype based on measure¬ 
ments taken from several or many cells. 

Unfortunately, the chromosomes of crop plants may not always neces¬ 
sarily be the most favorable for detailed study. In some eases the 
chromosome number is relatively high and the size very small. In 
others the chromosomes may have few, if any, clear-cut characteristics 
or distinguishing features. As a result, published karyograms or karyo¬ 
types of certain crop plants may differ in a number of their details. 
In many crop plants the karyotypes are mutually compatible, but some¬ 
times they can cause real confusion. Such difficulties could be mini¬ 
mized if a standard system of nomenclature were agreed upon for each 
of the many crops grown, but specialists rarely convene to discuss and 
ultimately agree upon terminology. Guidelines and systems for uniform 
terminology, and even linkage groups, have been set forward for inves¬ 
tigators working with some of the major crops like maize (Neiiffer et 
al., 1968; Neuffer and Coe, 1974; Sprague, 1977), rice (Khush, 1974; 
Chang and Li, 1980), wheat (Sears, 1972, 1974), and barley (Nilan, 
1964, 1971, 1974). Most crops, however, have no such accepted con¬ 
ventions. 

Counting of chromosomes in metaphase in squash preparations is the 
most reliable method of determining the chromosome number and degree 
of ploidy of a plant. In preparations in which the spread is good and 
the chromosomes are favorably condensed, it is merely a matter of 
counting. It is important, however, to make sure that counts are only 
taken from cells that have entire or intact membranes. Counting is 
subject to great error if membranes are destroyed or broken, and 
spreads are likely to intermix. Photographs should be taken at 
appropriate magnification using a fine-grain film. (We use Kodak 
Technical Pan Film TP 135.) After prints are made, the chromosomes 
from one print may be cut out using fine, curved, cuticle scissors. (In 
the event it is not possible to get a uniform spread, it may be neces¬ 
sary as a last resort to photograph chromosomes at different levels of 
focus. In such cases prints must be patched or pieced together. This 
is by no means a recommendation, however, for it indicates the 
methodology needs to be improved.) Care should be taken in cutting 
to follow the outline of the chromosome shape. A few millimeters of 
margin should be retained. Thus, using the index finger or a pair of 
tweezers, grouping of the chromosomes should be attempted on a clean, 
flat, smooth surface. 

The diagnostic features of chromosomes include form, size, points of 
spindle fiber attachment (centromere location or primary constriction), 
secondary constrictions (nucleolar oranizer regions, called NORs), and 
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presence or absence of satellites. Aside from size, the single most 
obvious feature characterizing an individual chromosome is the location 
of the centromere. Nomenclatural relationships and the means of de¬ 
termining centromere position have been discussed in detail by Levan 
et al. (1965). While in some eases one can readily associate homolo¬ 
gous pairs of chromosomes, measurements are often needed to achieve 
accurate pairing. Quantifying specific chromosome characteristics is, of 
course, highly desirable when it can be achieved. Investigators are 
urged to try to quantify wherever possible. 

Measurements are, perhaps, most easily made with a compass on pho¬ 
tographic enlargements. Compass spans may then be translated to 
millimeters against a good-quality ruler. (A metal ruler with the finest 
gradations or subdivisions available seems to be best.) Needless to 
say, all enlargments must be fastidiously made and precautions taken to 
ensure uniform magnification and measurement. In view of the appar¬ 
ent morphological variation of satellites, they and their connecting 
strands are ordinarily not included in computing arm ratios or centro- 
metric indices. 

While ratios are often the endpoint in reporting certain results, and 
hence the actual numbers used for computation should not affect the 
final values, measurements are best made on preparations that have 
been as uniformly treated as possible. Theoretically, the degree of 
contraction should, for instance, not affect the ratio of the long arm to 
the short arm, but it will be appreciated that the potential for error 
in measuring increases if the chromosomes are overly or underly con¬ 
tracted. Two very important diagnostic features of each chromosome 
are the length of each chromosome relative to the total haploid set 
and the position of the centromere. Centromere position may be con¬ 
veniently expressed in either the arm ratio of the chromosome, ex¬ 
pressed as the length of the longer arm relative to the shorter one, or 
the centromere index, expressed as a percentage of the length of the 
shorter arm of the whole length of the chromosome. Relative chromo¬ 
somal length is very useful in the preparation of the idiogram, for it 
permits a chromosome to be related in terms of its size to the overall 
complement. More precisely, relative length is the length of each 
chromosome relative to the total length of a normal haploid set. This 
is calculated by the formula: 

(chromosome length/total of the chromosome lengths) x 100 

= relative chromosome length 

The arm ratio (r) is expressed as the length of the longer arm (1) 
relative to the shorter one (s) or r = 1/s. (Arm index is another para¬ 
meter and is the ratio of the short arm to the long arm, i.e., short 
arm/long arm = arm index.) Sometimes centromere position is calcu¬ 
lated as a difference (d) between the length of long and short arms (I 
and s) respectively, i.e., d = 1 - s. With the use of the terminology 
recommended by Levan et al. (1965), an arm ratio of 1.00 indicates a 
precise median centromere position (M) in the strict sense; an arm 
ratio ranging from 1.00 to 1.70 delimits a metacentric chromosome (m); 
1.7 to 3.0 delimits a chromosome with a submedian centromere (sm); 
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3.0 to 7.0 delimits a chromosome with a subterminal centromere (st) or 
an acrocentric chromosome. 

Centromere index (i) is the percentage of the shorter arm of the 
whole length of the chromosome. This is calculated by the formula; 

(length of the short arm/total length of the chromosome) x 

100 = eentromeric index or i = 100 s/c. 

Often by eye alone or certainly by use of the measurements and 
computed values, it should be possible to arrange the chromosomes into 
coherent groups. All those chromosomes which fall into a given cate¬ 
gory as to centromere position should be grouped together. These in 
turn should be paired in pairs or homologues according to their length, 
i.e., long homologue, short homologue. The paired homologues should 
then be arrayed in descending order of length. While there is no con¬ 
vention that dictates it, it is infinitely more pleasing to the eye, in 
our view, if the shorter arms, secondary constrictions, or satellites 
where present, point upward on a page in those cases where centro¬ 
meres are not median. If rules exist for chromosome groupings in a 
given plant, then they should, of course, be followed. If they do not 
exist, the preferred order when viewed from top to bottom is median, 
submedian, subterminal, and terminal. AUosomes or sex chromosomes 
are not very common in plants (Allen, 1940; Westergaard, 1958; Dron- 
amraju, 1965), but where they do exist they should be retained for the 
last in any karyogram. After the groupings have been firmly estab¬ 
lished, numbers may be assigned to the chromosome pairs. This can be 
done in descending order of length. Chromosomes can be referred to 
by group, e.g., those with median centromeres, rather than assigned to 
a given pair; this permits flexibility until the identities of individual 
chromosomes can be further resolved. 

If chromosomes are lined up by centromere position, identification 
becomes much easier for the observer. Final illustrations can be pre¬ 
pared by permanently affixing chromosomes to a mounting board. Al¬ 
though rubber cement can be conveniently used, affixing dry mounting 
tissue with a tacking iron to the back of a photographic print prior to 
cutting out the chromosomes makes the job considerably easier. After 
the prints are arranged in appropriate order, they can be permanently 
attached with heat in a dry mount press. Figures 1 and 2 jarovide a 
karyogram and an idiogram respectively of a diploid cultivar of sunflow¬ 
er {Helianthus onnuus) (n = 17) with which we have had considerable 
experience. Both were prepemed as outlined above by taking into con¬ 
sideration the length relations, arm ratios, etc. from 10 metaphases 
from different preparations. This example is useful not only because it 
relates to an economically important plant but also because is empha¬ 
sizes several points we have mentioned. 

The metaphase chromosomes of the dwarf cultivar in question are 
separable into three distinct groups feee Table 1; Figs. 1 and 2). The 
centromeres of chromosome pairs 1 through 7, (group 1) are median (m). 
The arm ratios of each of these chromosomes varies between 1.15 and 
1.39. The longest chromosome is 3.47 ;tm and the shortest one is 2.58 
^m. The centromeres of chromosome pairs 8 through 12 (group 2) are 
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Figure 1. Karyogram of Helimthus annuus cv. Teddy Bear. The inset 
shows a representative cell stopped in metaphase. The rest of the 
figure shows the chromosomes from that cell cut out and rearranged as 
an associated diploid karyogram. Arrangement of homologous pairs is 
according to their centromere position and according to decreasing 
size. Scale bar of both, 5 iim. 

submedian (sm). The arm ratio of each of these chromosomes varies 
between 1.87 and 2.31. The longest chromosome is 3.28 (im, and the 
shortest is 2.35 jim. Although pairs 11 and 12 have the same arm 
ratio (2.31), the difference between their lengths (relative length of 11 
is 5.08 and that of 12 is 4.68) helps one easily identify each pair. 
Also pair 9 has microsateUites. Pairs 13, 14, 15, 16, 17 (group 3) have 
subterminal centromeres (st). The arm ratio of each of these chromo¬ 
somes varies between 3.77 and 8.09. The lor^est chromosome is 3.25 
nm and the shortest is 2.69 um. Pair 16 also has microsatellites. 

Despite the relative uniformity of overall length within group 3 and 
its great similarity to group 2, the overriding characteristic that per¬ 
mits distinct grouping is the very different arm ratios. But here a 
decision must be made. Chromosome pair 16, in particular, has an arm 
ratio of 3.77 but 13, 14, 15 and 17 have arm ratios ranging from 6.47 
to 8.09. FoUowii^ Levan et al. (1965), an arm ratio of 3.0 is the 
generally accepted "cut-off" for a submedian eentromerie position, and 
hence the pair belongs in group 3. This naturally emphasizes the need 
to have good measurements but also shows that a group does not 
necessarily have a narrow range of homogeneity in terms of centromere 
position. Groups 1 and 2 do have a rather restricted range in terras 
of arm ratio, but this is not so in group 3. Figure 3 provides an 
example of yet another means of helping an investigator to match and 
Peir homologous chromosomes. In that preparation of sunflower, the 
heterochromatic r^ions are particularly evident. 
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Figure 2, Idiogram showing length, position of centromere, and satel¬ 
lites of chromosomes of diploid cells in metaphase from Helianthus 
annuus cv. Teddy Bear. The ordinate represents the length of the 
chromosomes as a percentage of the haploid genome length (50.19 iim). 
The diagrammatic representation of the genome is arranged according, 
first to centromere position, and second, to length. Chromosome pairs 
1-7 are metacentric; 8-12 are submetacentric; and 13-17 subterminal. 
Microsatellites on pairs 9 and 16 are shown as dots to emphasize their 
very small size (cf., Fig. 1). 

A BIT ABOUT TERMINOLOGY. Frequently, deviation from the di¬ 
ploid number is encountered in plants. The most commonly observed 
change involves the number of chromosomes. A simple glossary of 
terms adapted from Schulz-Schaeffer (1980) is provided. Attention is 
drawn to two broad categories of change. The first involves change in 
chromosome number in only one pair of the diploid; the second involves 
change in chromosome number in all sets or pairs. 

1. Charge in chromosome number in only one pair of the diploid. 
Monosomie = 2n - 1 (also called haplo forms). 

Trisomic = 2n + 1 extra chromosome; 

Primary trisomic = 2n + 1 (extra is complete homologue of one 
pair). 

Secondary trisomic = 2n + 1 (extra has two similar arms). 
Tetrasomic = 2n + 2 (both extras are homologous with one origin¬ 
al pair). 

2. Change in chromosome number in aU sets or pairs. 

Polyploid (heteroploid)—a form with chromosome number other than 
the true haploid (monoploid) or diploid number. 

Euploid—an exact multiple of the haploid (triploid, tetraploid, 
penta-, hexa-, hepta-, octoploid, etc.). 
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Autopolyploid (autoheteroploid)—a multiple chromosome complement 
of a single kind of the haploid set. An autotetraploid, for exam¬ 
ple, has four similar chromosomes in each set. 

Allopolyploid (alloheteroploid)—a multiple chromosome complement 
of dissimilar sets of chromosomes. 

Aneuploid—a chromosome number other than exact multiple of the 
haploid. 

Hypoploid—a little lower than some multiple. 

Hyperploid—a little higher than some multiple. 

Table 1. Mean Relative Length and Arm Ratios of Chromosomes from 
Ten Root Tip Metaphases of Helianthus onnuus cv. Teddy 
Bear. 


CHROMOSOME 
PAIR NO. 

RELATIVE 

LENGTH' 

ARM RATIO^ 

TYPE^ 

1 

6.9 

1.31 

m 

2 

6.6 

1.39 

m 

3 

6.3 

1.29 

m 

4 

6.0 

1.26 

m 

5 

5.7 

1.27 

m 

6 

5.4 

1.29 

m 

7 

5.1 

1.15 

m 

8 

6.5 

1.90 

sm 

9 

6.3 

2.27 

sm 

10 

5.7 

1.87 

sm 

11 

5.1 

2.31 

sm 

12 

4.7 

2.31 

sm 

13 

6.5 

6.93 

st 

14 

6.0 

8.09 

st 

15 

6.0 

7.57 

st 

16 

5.9 

3.77 

st 

17 

5.4 

6.47 

st 


‘Percentage of the length of the total haploid genome. 

'Ratio of the long arm to the short arm. 

= median 
sm = submedian 
St = subterminal centromeres 

In the context of the times when they were invented and first 
adopted, the terms given above referred only to individuals or popula¬ 
tions. With the advent of cell culture technology and the discovery 
that cultured animal cells (especially human and other mammalian lines) 
displayed irregularities and frequently underwent changes that were 
almost unknown in classical animal genetics, it became clear that pains 
should be taken to adopt a standardized terminology so as to avoid 
confusion. The initiative was taken by Levan and Muentzing (1963), 
who recommended uniform adoption of the following designations espe¬ 
cially in terms of chromosome number: 
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Figure 3. Karyogram of HeliantlTUS amuus cv. Teddy Bear. The inset 
shows a representative cell stopped in metaphase. The rest of the 
figure shows the chromosomes from that ceU cut out and rearranged as 
an associated diploid karyogram. Arrangement of homologous pairs is 
according to their centromere position and according to decreasing 
size. When compared with the chromosomes of Fig. 1, these show dis¬ 
crete distribution of heterochromatin and confirms the pairir^ as made 
and proves the reliability of the homology. Seale bar of both, 5 (im. 

Haploid 

1, The basic number of a polyploid series (symbol: x). In this use 
of the word, haploid means monoploid. 

2. The chromosome number of the so-called haplophases (symbol: n). 
In this use of the word, haploid means the reduced, gametic chro¬ 
mosome number. 

Diploid, triploid, tetraploid, etc. 

The double, triple, quadruple, etc. basic number (symbols; 2x, 3x, 
4x, etc.) 

Polyploid 

A general designation for multiples of the basic number, higher than 
diploid. 

Heteroploid 

1. In organisms with the predominatii^ diplophase: all chromosome 
numbers deviating from the normal chromosome number of the diplc- 
phase (i.e., the unreduced zygotic number). 

2. In organisms with predominantly haplophase: all chromosome 
numbers deviating from the normal chromosome number of the haplo¬ 
phase (i.e., the reduced, gametic number). 

Euploid 

All exact multiples of x. 
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Aneuploid 

All numbers deviating from x and exact multiples of x. 

Mixoploidy 

Tlie presence of more than one chromosome number in a tissue or 
ceU population. This term covers all cases of mosaicism and chi¬ 
meric constitution. 

In all the above the use of x is potentially the most confusing. 
Dsually, 2n is identical with the somatic chromosome number, except in 
instances of somatic polyploidy, somatic elimination of chromosomes, 
chromosome number variation due to abnormal mitoses, etc. A couple 
of examples, taken from Levan and Muentzii^ (1963) will help illustrate 
the point that n designates chromosome numbers in specific types of 
cells and that x means an exact numerical entity. In the case of a 
particular triploid species of Allium with the basic number x = 8, the 
somatic cells are designated 2n = 3x = 24. This plant forms gametes 
with chromosome numbers ranging from n = x = 8ton = 2x = 16. The 
most frequent number is n = x + 4 = 12. In the case of rye, very 
rarely a diploid plant, with 2n = 2x = 14 gives rise to a haploid plant 
with 2n = X = 7. Hexaploid timothy with 2n = 6x = 42 forms poly¬ 
ploids with n = 3x = 21. 

Attention will be directed in the next section and elsewhere in this 
chapter to a slightly extended discussion of terminology using specific 
examples, but for the time being the above will orient the reader. 


LITERATURE REVIEW 

Many years ago it was thought that mitotic irregularities were fre¬ 
quent in cells of malignant plant tissues and that tumor cells often 
contained abnormal numbers of chromosomes. At one time there was 
even a school of thought that attempted to correlate chromosomal 
abnormalities with the tumor state in a causal way (Levine, 1931). As 
work on the culture of aseptically cultured tissues expanded, it became 
clear that abnormal behavior of the nucleus, chromosome inconstancy, 
and heteroploidy characterized many normal cell lines as well. This 
feature has become so well publicized that it has Aortually become a 
rule that cultured plant tissues and cells that have gone through the 
callus state are very likely to deviate in some way or other from the 
norm in their chromosomal complement. In primary cultures the devia¬ 
tion seems to be minimal, but as continuous cultivation through subcul¬ 
ture is achieved, substantial differences from the normal somatic condi¬ 
tion may be observable. 

One of the earliest attempts to monitor changes in karyology and 
chromosome behavior in cultured tissues was made by Straus (1954). 
Using 12 days post-poUination maize endosperm, he accumulate e*” 
dence for many kinds of irregular chromosomal duplication and distribu¬ 
tion, e.g., polyploidy, aneuploidy, hypoploidy, polyteny, chromosomal 
bridges, and lagging chromosomes. Straus (1954) counted as many ^ 
105 chromosomes in cultures of ordinarily triploid endosperm (3n = 30). 
He fully appreciated the potential affect of the medium on his cultures 
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and suggested that nucleic acid-rich yeast extract (0.5% w/v filter 
sterilized) could have been responsible, since nucleic acid salts or 

"nucleates" were known to cause similar problems in onion root tip 

"assays." Straus questioned whether the yeast extract could be fully 

responsible, however, since he knew an original abnormal condition of 
the tissue (mosaic or variegated endosperms do occur in maize) could 
have accounted for the seemingly atypical behavior. Straus also won¬ 
dered if the failure to regenerate complete plantlets from maize endo¬ 
sperm could be due to chromosomal inconstancy and erratic chromosome 
behavior in the cultures. In the course of preparing and growing a 
large number of cultures, LaRue (1947) encountered fewer than 1 in a 
1000 cultures that formed roots and only one that "formed a shoot root 
axis and miniature leaves." Straus (1954, p. 837) speculated, "If it 
were possible to get endosperm to grow in culture some time before 12 
days post-pollination, it might be possible to escape the effects of the 
postulated influences and then the tissue might be able to demonstrate 
its inherent totipotency." Straus also urged that "similar studies of 
other plant tissue cultures should be undertaken in an effort to deter¬ 
mine whether this property [chromosomal irregularity] is generally ac¬ 
quired by all plant tissue cultures" (Straus, 1954, p. 838). 

A few years later, Torrey (1959) reported that although predominant¬ 
ly composed of diploid cells during the first few days rfter culture 
initiation, pea root callus cultures gradually changed so that tetraploid 
(or near tetraploid) cells came to predominate in the population. Two 
very early workers in this area, Mitra and Steward (1961), appreciated 
the need for a system that could be readily cultured, had low chromo¬ 
some number, or had chromosomes with distinctive morphology. HaplO' 
pappus gracRis (Compositae) fit the needs admirably (Jackson, 1957). 
The normal diploid complement of this weed consists of two chromo¬ 
somes with a submedian centromere and two shorter chromosomes with 
subterminal centromeres, bearing satellites on the short arm. Mitra 
and Steward (1961) noted the presence of polyploidy, aneuploidy, and 
anaphase abnormalities as well as morphologically altered chromosomes 
in cells of predominantly normal diploid Haplopappus cultures. A num¬ 
ber of distinctive clones with various chromosome numbers, even up to 
64, were isolated and maintained serially. A bit later and in the same 
lalwratory, Blakely (1963) described a strain of Haplopappus that re¬ 
mained predominantly diploid for approximately 3 years. Two other 
strains, composed primarily of diploid cells at the outset, underwent an 
alteration in karyotype, leading to chromosome complements moderately 
to drastically different from the normal. Cell lines or strains with ob¬ 
vious differences in phenotype (friability, coloration, etc.) had abberant 
karyotypes from the outset. Cells of the strains with more than the 
normal chromosome number generally did not contain euploid cells. In 
those strains with variant karyotype, chromosomes with normal morpho¬ 
logy were identifiable in most cells, but obviously abnormal chromo¬ 
somes in terms of number and morphology were present as weU. 
Strains with aberrant numbers also showed a high level of anaphase 
disturbances. Blakely (1963) found that some Haplopappus strains could 
remain predominantly diploid without diminution in vigor. Thus al¬ 
though he encountered many chromosomal aberrations in his cultures, 
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there seemed no a priori reason why cells with normal chromosomal 
features could not be maintained in long-term cell cultures. Unfortu¬ 
nately, the cultured Haplopappus cells did not regenerate, and hence 
no correlations could be made between chromosomal constitution and 
regenerative capacity. Even so, it is clear that Haplopappus 
represents an extreme example of the sort of culture that may tolerate 
cytological aberrations. Also, since haploidy was seen to occur in free 
cell cultures of Haplopappus, the question has been raised whether an 
opportunity may have been missed to study meiosis in this system 
(Steward and Krikorian, 1979). In our view, the most significant single 
observation made on Haplopappus cultures during that early period was 
that chromosomal arrangements strongly resembling ehiasmata could be 
seen in somatic cells in mitosis (Mitra and Steward, 1961). If this 
represented mitotic crossing over or segregation, and had it been pre¬ 
dictable or controllable, it could have opened the way for cytogenetic 
analysis in cultured plant cells long ago. 

Over 20 years ago there was evidence that cells of carrot could be 
maintained in suspension in such a way that they would preferentially 
give rise to normal plantlets. Based on the fidelity of phenotype ex¬ 
pressed by the regenerated carrots they produced. Steward and his co- 
workers suspected very early that clones in the strict sense of the 
term, were being regenerated. Althoi^h there was some diversity in 
the nuclear constitution of some of the population of carrot cells multi¬ 
plied in liquid, no cytological aberrations could be detected in the sus¬ 
pension-derived plantlets. In their hands, apparently only those cells 
with normal genotype led to somatic embryos. After an initial study of 
root tips from 200 plants showed that the regenerated plants seemed to 
be karyologieally normal diploids, the original plan to examine a total 
of 1000 tips was abandoned (cf., also Mitra et i., 1960). Although the 
question of slightly altered genotype without detectable consequences 
in phenotype remained unanswered in the ease of the "Ck)rnell carrots," 
it is unlikely that there were serious problems, since all phenotypic 
details were recapitulated accurately—even to the presence of antho- 
cyanin-containing florets in an otherwise white inflorescence (cf. Stew¬ 
ard et al., 1964). Some years later Mok et al. (1976) reported recov¬ 
ering, albeit on a much smaller scale, normal diploid plants from carrot 
root callus, although cells with varying chromosome numbers also 
existed in their cultures. 

Even on the strength of the early work alone, therefore, some inter¬ 
esting questions can be raised. These include; What is the basis of 
different ploidy levels in cell cultures? How do chromosomal aberra¬ 
tions arise in cultured tissues and cells? Are variant karyotypes stable 
upon selection and subculture? Do cells with identifiable altered 
chromosomes persist "indefinitely" in those strains? Are structurally 
altered chromosomes more common in polyploid cells than in diploid 
cells? Can particular phenotypic traits of tissue and c^ cultures be 
associated with particular features of keiryotype? Can plantlets be 
reared from cells that are not predominantly euploid or that have 
altered karyotypes? Is there any evidence that chromosomal re¬ 
arrangements have serious effects on phenotype of cultured cells or 
plants to which they may give rise? Are certain genotypes more 
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amenable to culture, and/or manipulations and do they express morpho¬ 
genetic competence more readily than others? We can examine these 
questions only in a superficial way, because in many cases the answers 
are only now just beginning to emerge. 

There have been a number of reviews summarizing the work of a 
given period. There is little point in recapitulating these, since they 
are all readily available and all serious investigators will wish to con¬ 
sult them in detail (Partanen, 1957, 1963a, 1965, 1973; Muir, 1965; 
Torrey, 1959, 1965; Sheridan, 1975; Torrey and Landgren, 1977; Sunder¬ 
land, 1973, 1977; D'Amato, 1975, 1977a,b, 1978; D'Amato et al., 1980; 
Meredith and Carlson, 1979; BayUss, 1980; Evans and Reed, 1981; Con¬ 
stantin, 1981). 


Problems of Sampling 

Before addressing these questions, a few words are in order about 
sampling. 


CALLUS CULTURES VERSUS LIQUID SUSPENSION CULTURES. In 
cases where cultures form coherent masses but are friable and easily 
fragmented, samplii^ is relatively easy. But one must constantly ask 
whether the means of cell selection for counting or examination intro¬ 
duces a bias. Are the cells in the sample actually observable in mito¬ 
sis representative of the entire culture? Even in cases where sampling 
is carefully carried out and multiple replicates are taken, there is the 
very real problem of variation in results. These variations may reflect 
so-called multimodal development of different lines or even clones of 
cells in different parts of the culture. Irregular polyploidy and aneu- 
ploidy may occur in localized areas, and this, of course, reflects that 
replication or multiplication of chromosomes may have proceeded in dif¬ 
ferent cells at different rates. There seems little doubt that mixo- 
ploidy can and does occur in callus masses. Since there is little evi¬ 
dence of what the selective forces are that operate and control differ¬ 
ential proliferation of distinct cell clones, it is imperative to accept 
that certain cell types may be selectively favored. Thus it is neces¬ 
sary to sample different portions of callus cultures that have been 
established under as carefully controlled conditions as possible. Only 
in this way can one establish whether cultures have undergone changes 
during maintenance through subculture. A few chromosome counts ran- 
dotnly taken^ are insufficient to establish the status of a given culture. 
It is essential to screen for possible mosaics. If a strain or line of 
eaRus has a^ firm, compact growth habit, meristematic activity is fre¬ 
quently confined to the sheath of cells which surrounds or envelopes 
the culture mass. Peripheral growth in this sort of callus was des¬ 
cribed many years ago by Caplin (1947). In lines that are more fri¬ 
able, meristematic activity may be confined to more localized nodules 
scattered throughout the mass. 

When differences in karyotype exist between replicate cultures grown 
on agar or between different portions of the same culture, especiSly if 
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they can be localized to specific sectors, there is little doubt that the 
cause of diversity must be examined in greater depth. When a culture 
containing portions of "normal" and "abnormal" cells is used as the 
source of the inoculum for making subcultures, the replicate subcultures 
derived from it (if they grow) are sure to reflect its diversity in karyo¬ 
type. At the time of the next subculturing, a culture containing en¬ 
tirely abnormal cells might be selected by chance as the source of sub¬ 
culture inoeula. In this way the normal or characteristic karyotype 
might be entirely lost, although normal selection pressure might ordi¬ 
narily not favor, or could even discriminate against, the abnormal 
karyotype. The problem is perhaps greatest in cultures maintained on 
agar media and was, in fact, one of the reasons why Steward and his 
early co-workers decided that they would attempt to work almost ex¬ 
clusively in liquid, although the tide of opinion at the time was against 
their approach (White, 1953). 

The problem of sampling is of lesser importance and, in general, not 
as critical with cell suspension cultures. If random samples of cells 
and cell clusters are taken up in a pipette during subciilture, as long 
as the inoculum is representative of the culture as a whole, shifts in 
the characteristics of a culture should not be favored by the subcultur¬ 
ing process per se. Even so, this does not preclude evolution by muta¬ 
tion and natural cell selection. In this laboratory, routine use has 
been made since 1966 of filtration techniques through screens of known 
dimension. Passage of suspensions through these screens permit very 
uniform inoeula to be utilized for subculture or further manipulation 
(see Fig. 4). While personal prejudices and other considerations have 
caused us to emphasize liquid suspension methods (Krikorian, 1982), we 
recognize that in some cases it is not feasible or is impractical to do 
so. Workers using callus, therefore, are urged to exercise particular 
caution in reportir^ their results (see Demoise and Partanen, 1969). 
Against the above comments, attention may now be directed to some of 
the problems posed. 


Polysomaty and Polyploidy 

The condition of having cell populations whose component cells differ 
in their chromosome numbers in the same individual is not as unusual 
as one might suppose. In addition to diploid cells with the 2n number 
of chromosomes, some plants contain many polyploid cells with 4n, 8n, 
and occasionally even 16n chromosomes. This phenomenon is called 
polysomaty. One process leadii^ to this condition is called endo^ly- 
ploidization and is due to successive chromosome multiplication within 
the nucleus, with one mitosis intervening at each new level of poly¬ 
ploidy. Unfortunately, there is not nearly enough information as to the 
full range of tissues in which polysomaty occurs. One fact is clear, 
however; it is fairly common and it is particularly common in those 
plants that are propagated mainly through vegetative means. Tlie role, 
if any, of euploid, aneuploid, and polyploid cells within an otherwise 
diploid individual from a developmental viewpoint has yet to be rigor¬ 
ously determined, but it is clear that somatic alterations result in 
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Figure 4. Scheme of procedures that can be followed in preparing 
cells and cell clusters of known dimension from suspensions for distribu- 
tion in agar. Their subsequent growth and selection for subculture or 
analysis is also shown. Erlenmeyer flasks, so-called nipple culture 
flasks (which can accommodate 225 ml of medium) or T-tubes (which 
can hold 10 ml of medium) can be conveniently used to grow cells. 
The point of "selection" after growth of distributed cells is, understand¬ 
ably, the most arbitrary and demanding step, 

genotypically different individuals. This phenomenon is particularly well 
doeumerted in certain vegetatively propagated edible aroids like Colo- 
cosia (Sharma and Das, 1954; Sharma and Sarkar, 1963). Long ago, 
D’Amato (1952), Geitler (1953), and Chiarugi (1954) reviewed the occur¬ 
rence and modes of origin of polysomaty. D'Amato in particular eon- 
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centrated on the relationship of endopolyploidy to differentiation in 
otherwise 2n plants (D'Amato, 1964, 1977b). 

D'Amato wrote as far back as 1964 that "It is hoped that the suc¬ 
cessful development of techniques for isolation and culture of single 
plant cells (Muir, Hildebrandt and Riker, 1954) will represent a new 
stage of research in the cytology and genetics of the plant cell." Un¬ 
fortunately the cloning of higher plant cells has not been easily exten¬ 
ded from its early successful use with tobacco to other plants. In 
those cases where it has been possible to use tissue cloned from single 
cells, higher ploidy levels and aneuploids have been encountered (Coop¬ 
er et aL, 1964). This indicates that preexisting polyploid nuclei in the 
initial explant are not the only cause of chromosomal variability 
(Chouinard, 1955; Partanen, 1963b). Endomitosis may occur and persist¬ 
ent chromosome bridges may also result in polyploid cells (Cf. Nagl, 
1978, for a detailed treatment of endopolyploidy, etc.). 

Understandably, most investigators are distressed by the production 
of polyploids when they are unwanted (cf., the production of asparagus 
tetraploids in Malnassy and Ellison, 1970, and the production of carrot 
tetraploids in Bayliss, 1973, 1975). On the other hand, it has occa¬ 
sionally provided a substantial opportunity for potential improvement of 
a given crop. Potato tissue culture may be used to produce tetraploids 
(Hermsen et al., 1981). Tissue culture has made a real contribution to 
research in the sugarcane industry. Doubling of chromosome number 
was not possible throi^h conventional methods but callus techniques 
have permitted doubling. This has also opened the way to the devel¬ 
opment of an aneuploid series to check on yield potential at chromo¬ 
some numbers not previously available (cf. Nickell, 1977, and references 
there cited). 


Aneuploidy 

In some cell lines the majority of cells in each population is repre¬ 
sented by a zone of connecting chromosome numbers or gradations in 
numbers. If we invoke the term used in reference to animal tumor cell 
populations, cells with chromosome numbers above or below the stem¬ 
line may be common in cultures, even though clonal cultures are de¬ 
rived from single cells. Although some investigators initially assumed 
that cloning is the most effective means of ensuring cell populations 
with a relatively homogeneous makeup, this amounts to near fantasy 
and at best is a gross oversimplification. Methods for establishing 
single cell colonies are, as stated above, still problematical, and the 
culture of single cells of higher plants is still one of the greatest 
challenges facing investigators. 

Deviation from the euploid or diploid chromosome number might arise 
in a number of ways. Perhaps the simplest is by elimination of chrom¬ 
osomes throi^h failure of chromosomes to assemble at metaphase and 
disjoin properly at anaphase. Ordinarily when properly aligned, the 
chromosomes are pushed into a single plane. The centromere of each 
chromosome is attached to each of the opposite poles of the cells. 
Also, lagging can occur at anaphase. Nondisjunction is another poten- 
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tial cause of difficulty. If this is sufficiently frequent, elimination 
alone could give origin to the weird numbers often encountered, but 
mieronuelei would more than likely form. Loss of an entire chromo¬ 
some in plants is frequently sufficient to prevent a cell reappearing in 
mitosis; it is very deleterious (Khush, 1973). 

There is substantial literature on the occurrence of aneuploid cells in 
plant cell and callus cultures (ef. Sunderland, 1973; D'Amato, 1977a; 
Skirvin, 1978; Novak, 1981, and references there cited). There are 
fewer papers that reported aneuploid plants that have been regenerated 
by means of culture techniques. Aneuploidy in tobacco has been parti¬ 
cularly well documented in plants derived from both normal and tumor¬ 
ous tissue (Murashige and Nakano, 1967; Sacristan and Melehers, 1969). 
Other eases of aneuploidy in culture-derived plants have been described 
as well (cf. Hiraoka and Tabata, 1974, for Datura innoxia). Mosaicism 
is encountered more often {e.g., Pelletier and Pelletier, 1971; Bennici, 
1974; Lester and Berbee, 1977; Bennici and D'Amato, 1978). 

In this laboratory, several primary trisomic daylily plants have been 
isolated from suspension cultures. Primary trisomics provide an excel¬ 
lent cytogenetic tool for testing the independence of linkage groups 
and for assigning linkage groups to particular chromosomes. Since 
there are three homologous chromosomes in a primary trisomic instead 
of two for a particular member of the complement, the genetic ratios 
in segregating progenies for genes that are located in this chromosome 
are very different from the 3:1 or 1:1 ratios obtained in the F 2 and 
backcross generations of a normal disomic heterozygous for a recessive 
gene. Primary trisomics can also be of use for assigning unlocated 
genes to linkage groups. In addition to their usefulness in a genetic 
sense, the various primary, secondary, and tertiary trisomics that we 
have obtained can be employed in studyit^ the effect of duplication of 
a whole chromosome, a chromosome arm or parts of chromosome arms 
on the morphology, anatomy, and physiology of the organism. Access 
to trisomics can throw light on the basic nature of the genome of a 
species. There is every reason to believe that the study of the devel¬ 
opment of chromosomally abnormal plants from cell clones would be 
productive. 


Translocations 

Clones of cells with rearranged chromosomes arise relatively fre¬ 
quently in cell cultures, but they are usually reciprocal, since in the 
cases most studied, there is no evidence of change in chromosome num¬ 
ber. In cultures where there are extreme mitotic irregularities during 
growth and cell multiplication, it appears that most of these disturb¬ 
ances render the cell less able to compete with the other cells in the 
population. They are not maintained during subculture. 

An extreme example of culture stability following chromosome re¬ 
arrangement involves the maintenance by Sheridan (1974, 1975) of mor- 
phogeneticaUy competent cell lines of LUium in liquid. These cultures 
retained their normal ploidy and apparently formed normal plants longer 
than any continuous culture. Sheridan (1975) did not detect unexpec- 
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ted phenotypic differences in either his cultures or the regenerated 
plants. In this laboratory translocations have been detected in suspen¬ 
sion cultures of daylily. While we are certain of the constancy of this 
condition in some lines, we are not yet in a position to state categori¬ 
cally that there is no phenotypic consequence in regenerated plants. 
There is clearly no deleterious effect on the morphogenetic compe¬ 
tence. 

It was recognized long ago that translocations could occur in cul¬ 
tured cell populations (Cf. Sacristan, 1971, on Crepis capillaris), but 
those cultures most amenable to cytogenetic analysis were not then 
amenable to regeneration. Bayliss (1975) encountered frequent chromo¬ 
somal rearrangements in carrot cells, and Novak (1974, 1981) has des¬ 
cribed them in long-term callus cultures of Allium sativum L. There is 
no doubt that many translocations occur but have gone undetected, and 
culture conditions can play a substantive role in selection (Kao et al., 
1970; Singh et al., 1975). 

When one considers the various points in the mitotic cycle at which 
aberrations might arise, it is aH the more remarkable that normalcy is 
so often maintained. It is a moot point whether the aberrations en¬ 
countered in cells in the cultured state reflect adequately and accur¬ 
ately the variation that occurs in nature in situ. The data of Verma 
and Mittal (1978) on garlic suggests that more karyotype changes may 
be going on than has been hitherto appreciated. In spite of this, how¬ 
ever, one needs to reconcile the observation that in many cases chrom¬ 
osome stability is maintained throughout culture and regeneration 
(Evans, 1979; Krikorian and Kann, 1980; Krikorian et al., 1981), whereas 
in many others karyotypic heterogeneity is frequently reported. 

A modal chromosome number can be identified in many cultures, and 
the Implications of the presence of absence of numerical variability 
about that mode is something that cannot be discussed with precision. 
If marker chromosomes were present, it would make the task easier in 
those cases where the chromosomes are small and numerous. Much of 
the published literature suggests, however, that organization occurs 
preferentially from cells that do not show severe cytologic abnormal¬ 
ities. There is some evidence that points to the site of morphogeneti- 
cally competent cells from which organogenesis ultimately derives as 
controlling the ploidy of the offspring (cf. Murray et al., 1977; Tran 
Thanh Van and Trinh, 1979, and references there cited). In short, the 
problems seem to become broader as more information is gathered. 


Advances in Methodology 

The fact is that the classical methods to be covered in this chapter 
will more than likely be adequate for the needs of most investigators 
at this time. Microspeetrophotometric measurements of DNA per nucle¬ 
us in dividing meristems can, on occasion, be helpful in establishing the 
{ffoportions of diploid and polyploid cells (Conger and Carabia, 1978, 
and references there cited) but it must be recognized that small alter¬ 
ations in chromosomal number and structure are not detectable by 
these means. It is at best a crude measure. 
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Specific attention will be given to cytostatics in the next seeti™ 
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does not necessarily constitute reliable evidence for the karyological 
constitution. Sectorial and periclinal chimeras are not uncommon (Der- 
men, 1960; Neilson-Jones, 1969; Arisumi, 1972), and meiotic analysis is 
particularly important in these cases. 


Selection of the Appropriate Protocol 

Investigators have available to them a wide range of chemicals and 
protocols. The task is to ascertain which is the best one to use and 
which regimen to follow. One has to ascertain, study, and optimize 
the following variable conditions; (1) the "best" cytostatic or prefixa¬ 
tion chemical; (2) the best concentration; (3) the length of exposure; 
(4) the volume of cytostatic to which the test materials are exposed; 
and (5) the best environment in which to use the cytostatic, e.g., light 
vs. darkness; high, medium, or low temperature; the osmotic environ¬ 
ment; etc. 

One can list in skeleton form the steps important in working with 
metaphase chromosomes suitable for karyotype analysis. 

1. Prefixation 

2. Fixation 

3. Hydrolysis and maceration 

4. Staining 

5. Squashing 

Several cytostatics have been used in this laboratory with success, but 
there is no way of knowing whether one is better than another before 
actually testing it. Sharma and Bhattacharya (1960) carried out a 
comparative study using a number of pretreatment chemicals on several 
groups of plants and investigators are referred to that paper. Colchi¬ 
cine, 1-bromonaphthalene, vinblastine, 8-hydroxyquinoline, p-dichloroben- 
zene, coumarin, aesculin, etc. are only a few of the many available. 
In our work on intact roots we have found that 1-bromonaphthalene to 
be quite satisfactory, although preparation of the prefixative can be a 
bit cumbersome (see Krikorian et al., 1981, and protocols). We provide 
a sample protocol. 

We have also used 1-bromonaphthalene for investigating callus cul¬ 
tures, but a longer period of exposure to the prefixative is generally 
necessary—usually 5.5-8 hr. Treatment in a cold (ca., 4 C) environ¬ 
ment can be helpful as well. Hence caution must be exercised in col¬ 
lecting and interpreting data because there is a danger of polyploidy 
being induced by prolonged treatment. Another general feature of cells 
in callus culture is that they are, in general, much more weakly stain¬ 
ing than cells from organized meristems. Also, because some callus 
cultures can be rather hard and nonfriable, it may be helpful to squash 
the cells a bit before hydrolysis. We have found it useful to "map" a 
callus by carefully cutting it into component parts, distributing them 
among different vials, labelling them, and processing them. In general, 
the outermost parts of the callus have the greatest number of division 
figures. In older subcultures, the innermost cells may even become 
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necrotic and devoid of mitotic figures. In general, good mitotic figures 
are rather hard to find in callus cultures. 

Cell suspension cultures provide better opportunities for chromosome 
study. At the same time one must expend a substantial amount of 
effort in establishing the most appropriate time of collection for pro¬ 
cessing. It is by no means a casual affair to determine that period of 
time when cells are undergoing maximal division. 

We have used 1-bromonaphthalene, • colchicine, vinblastine, and CIPC 
as cytostatics in suspension cultures. At the time of this writing, we 
have been most pleased with vinblastine. Even so, we suggest that 
interested investigators test several cytostatics before reaching any 
conclusions. For instance, a major drawback to the use of l-bromo- 
naphthalene in liquid suspension culture derives from the difficulty and 
inconvenience encountered in washing out this "oily" prefixation chemi¬ 
cal. Otherwise it can be used with good success. We again stress 
that differences in sensitivity are invariably encountered depending on 
the culture system employed, the taxonomic group, age of material 
samples, etc. 

Colchicine has been used for many years as a cytostatic agent. Der- 
men (1940), Eigsti and Dustin (1955), and Mehta and Swaminathan (1957) 
aU contain valuable information on its use. As a cytostatic it is gen¬ 
erally used at O.OlSfr-0.536 w/v in aqueous solution. While some batches 
seem to be quite pure, others may need to be partially purified (see 
Davidson, 1968, p. 190). It is always a good idea to prepare solutions 
of colchicine just prior to use. However, some investigators maintain 
that it can be stored in a dark container in a refrigerator for up to a 
yesu: or so without losing activity. In suspension cultured cells of day- 
lily, 0.5^ w/v colchicine has produced reasonably good results (see Fig. 
5b and e). Colcemid, a trade name for demeeolcine or N-methylcolchi- 
cine, is usually more active than colchicine and a rule of thumb seems 
to be to use about one-third the concentration of colchicine. It is 
very expensive, however, and one cannot recommend its routine use. 
Both colchicine and democolcine are highly toxic chemicals and should, 
of course, be used with appropriate precautions. 

Vinblastine sulfate has been widely used by investigators working 
with animal cells to arrest cells in metaphase. It is readily available, 
albeit with shipping restrictions since it is a highly hazardous chemical. 
Like democolcine, it is quite expensive. Levels that may be tested 
with plant cells are on the order of 10-40 gg/ml. Higher concentra¬ 
tions usually produce overcontracted chromosomes. In daylily suspen¬ 
sion, 20 ug/ml has been optimal in our hands (see Fig. 5e, d and f). 
We recommend that an aqueous solution be made up fresh just before 
use since this is consistent with storage instructions (0-5 C). Some 
say, however, that it is stable at room temperature for a few days (cf. 
also Segawa and Kondo, 1980). 

The herbicide O-isopropyl-N-phenylcarbamate (IPC) and its m-chlorcr 
phenyl derivative, N-3-chlorophenylearbamate (CIPC) are mitotic inhibi¬ 
tors (Hepler and Jackson, 1969) and have been used to contract chrom¬ 
osomes. Storey and Mann (1967) first drew attention to the use of this 
compound to cytologists. 
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Figure 5a-^. Cells of daylily Herocollfs ev. Autumn Blaze grown in 
suspension culture arrested in metaphase by different cytostatic agents. 
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Figure 5a-f (Cent.). "Hie length of time in a given cytostatic is given 
in brackets. The number of easily counted chromosomes is given in 
parentheses. (a) [3.5 hr in CIPC, N-3-chlorophenylcarbamate] (23 
chromosomes) Description of chromosome shape, morphology, contraction, 
and spread: Ihe morphology of the chromosomes is poor. Little useful 
detaE. There is too much spread which could lead to confusion when 
counting the chromosome number of a cell. (Note: This is a charac¬ 
teristic problem encountered when working with suspension culture 
cells—the cells rupture very easily! The chromosome shapes are very 
poor making it extremely difficult to distinguish the chromosome arms, 
the centromere, and other distinguishing characteristics. This picture 
could not be successfully used in making a karyotype.) (b) [3.5 hr in 
colchicine] (22 chromosomes) Description: The chromosome morphology 
is better than in (a). The spread is fair but not good. The chromo¬ 
some shapes are good. It would be difficult, unless one was already 
very familiar with this genotype, to make a karyotype from this 
picture. Some of the chromosomes have broken out and away from the 
cell. This could lead to confusion or error, (o) [3.5 hr in vinblastine] 
(21 chromosomes) Description: Notice that in contrast to the previous 
pictures the cell is intact. Therefore, there is no doubt that aH of 
this ceE's chromosomes are present. The chromosomes are well 
contracted in this preparation. The morphology, chromosome shapes, 
and spread are all excellent. This preparation is by far better than 
that at (a) and (b). A precise karyotype can be made from an enlarge¬ 
ment of this picture (cf., d). (d) An enlargement of a preparation such 

as that at (c). This enlargement could easily be used to prepare a 
karyotype. (Note: Some of these chromosomes lie out of the plane of 
focus due to the three dimensionality of the ceU itself. However, this 
problem can easUy be alleviated by taking photographs in different 
planes.) With an increased number of chromosomes, a good spread 
becomes even more important as well as more difficult to obtain. Fig. 
5e-f illustrates this point, (e) [3.5 hr in colchicine] (44 chromosomes?) 
Description: Hiese chromosomes show a great deal of overlap. There 
is a poor spread which makes the individual chromosomes indistinguish¬ 
able from each other. Even those which are not overlapping have only 
a fair morphology and shape. The poor spread makes one unable to 
make an accurate count. This is especially true of cells cultured in 
suspension since they are often very heterogenous. In this case one 
can only venture a guess that there are 44 chromosomes in the cell, 
(f) [3.5 hr in vinblastine] (44 chromosomes) Description: The 

chromosomes are reasonably contracted in this preparation and this 
helps to make for a better spread. Scale bars on each 5 jun. 

Cycloheximide has been known for some time to affect chromosome 
contraction but its use in combination with pretreatment chemicals is 
relatively recent. Tlaskal (1980) found that prefixation with 8-hydroxy- 
quinoline and cycloheximide (250 mg/1 and 70 mg/1 respectively) was 
useful in sug^ cane (Sisodia, 1968). It seems that the method is espe¬ 
cially useful in those plants that have a large number of smsill chromo¬ 
somes since it causes substantial contraction. To that extent, reliable 
counts can be readily made. In our hands, cycloheximide has been 
most useful when used alone (see Fig. 6a), but it tends to overcontraet 
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Figure 6. Cells of carrot root arrested in metaphase by 1-bromonaph- 
thalene or cycloheximide. These photographs derive from a study of 
carrot plants regenerated from protoplasts prepared from cells grown in 
suspension. The length of time in the cytostatic is given in brackets. 
The number of chromosomes is given in parentheses, (a) [3 hr in 
cycloheximide, 70 Mg/ml in distilled water at room temperature] (4n = 
36) This metaphase has an excellent spread. There is substantial detail 
in the chromosome morphology. Note the satellites. Although the 
larger chromosomes are well contracted, some of the smaller ones look 
like little more than large dots, (b) [4 hr in 1-bromonaphthalene at 4- 
5 C] (4n = 36) The spread is good and the contraction is such that the 
morphology can be described in considerable detail. Although the 
specimen was exposed for a longer time to this cytostatic than to 
cycloheximide, the chromosomes are not as contracted as those in (a). 
It would be possible from an enlargement of this photograph to estab¬ 
lish a karyotype. (Scale bars, 5 mn). 

small chromosomes making it virtually useless for making karyotypes. 
Lowering the levels of cycloheximide does not, moreover, seem to 
result in a diminution of contraction. 

Sharma (1956) reviewed fixation in great depth and Sharma and 
Sharma (1980) provide 40 pages on fixation and many recipes have been 
compiled. Farmer's fixative, however, has been used very successfully 
for a long time by many investigators. It is prepared by mixing abso¬ 
lute ethyl alcohol and glacial acetic acid in a 3:1 ratio (v/v). Some 

find that using a 3:1 mixture of ethanol (95*) and propionic acid helps 
in the staining of small chromosomes (Hyde and GardeUa, 1953). Fixa¬ 
tives should be freshly prepared. If samples are to be kept for any 
length of time prior to hydrolysis and staining, it is essential to re¬ 
place the fixative with a couple of changes of 70* ethanol. Samples 
should then be stored in the cold at 4 C. In most cases it is best, 
however, if the specimens can be processed promptly. 

Subsequent processing is more or less routine and need not be desilt 

with here. Suffice to say that progress is being made all the time and 

plants with rather small chromosomes are beginning to be effectively 
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karyotyped (e.g., Kurata and Omura, 1978; Tsuchiya and Nakamura, 

1979; Pal and Sharma, 1980). 

The final protocol is a sample protocol for use in suspension cultured 

cells. 

PROTOCOL FOR 1-BROMONAPHTHALENE EREFIXATIVE 

1. Measure out 100 ml of glass distilled water into a 250 ml Erlen- 
meyer flask with a ground glass stopper. 

2. Carefully add 50 mg of saponin, making sure the saponin does not 
stick to the sides of the vessel being used. Allow the saponin to 
dissolve more or less by itself. Ihis will take about 5 min. Do 
not shake. When it has dissolved, gently swirl the vessel so that 
a few suds appear. 

3. Add 64 mg of MES [2-(N-morpholino)ethanesulfonic acid]. 

4. Add 30 ml of l-bromonajiithalene. 

5. Shake the vessel well to saturate the aqueous solution. 

6. If the above procedure is carried out properly, the dispersion will 
separate out only a few ram of 1-bromonaphtMene at the bottom 
of the container. 

7. Always make sure that the mixture is well dispersed before using 
and that it is made up freshly for use. 


PROTOCOL FOR METAPHASE ANALYSIS OF ROOT TIP CELLS 

Roots may be induced directly in aseptic culture or produced in 
greenhouse or growth chamber from propagules placed in vermiculite 
moistened periodically with diluted fertilizer (e.g., the mineral salt 
medium of MS). Even deionized water seems to be adequate for short 
periods. It usually takes anywhere from a few days to about 2 weeks 
to produce a sufficient number of roots of appropriate size for examina¬ 
tion. Unfortunately the designation appropriate is not very helpful and 
needs to be determined empirically (see Davidson, 1968 for a discussion 
of various parameters important to root physiology). 

The stepwise procedure of specimen preparation for squashes of chro¬ 
mosomes arrested in metaphase is; 

1. Collect roots washed free of vermiculite by cutting tip portions 
with scissors or, preferably, use whole pUuits or plantlets. In the 
latter case a much greater number of division figures are general¬ 
ly encountered, particularly if they are kept in bright light and 
at a temperature at which the plant in question flourishes. Pre¬ 
sumably this is because cell divisions progress more readily in 
intact plants than in root systems severed from their shoots. 

2. Prefix in l-bromona{4ithalene solution for about 4.5-5.5 hr at 10 C 
in the light. Hie mixture is comprised of 30 ml of 1-teomonaph- 
thalene, 50 mg of saponin, and 64 mg of MES[2-(N-morE4iolino)eth- 
anesulfonic acid] in 100 ml of water (see gs^eceding protocol). 
The timing is important and will vary with the plant. In general, 
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it should not be allowed to remain in the prefixative for longer 
than 6 hr, because polyploidization may occur. 

3. Remove the roots from the above and rinse 3 or 4 times in deion¬ 
ized water at room temperature. Shake off and blot the excess 
water promptly. 

4. Rinse for a couple of minutes in absolute alcohol—glacial acetic 
acid (2:1 or 100 and 50 ml, respectively, or 3:1) that has been 
prechUled to 4 C. Caution: Glacial acetic acid is corrosive and 
must be handled with extreme care! Note: PrechiU the absolute 
alcohol-acetic acid fixative to 4 C before washing. 

5. Sever the roots transversely with razor blades or scalpels (root 
tips 3-4 cm or so loi^ are adequate) from the plant and plunge 
firmly but gently into fixative at 4 C. Material may be safely 
kept in a fixative for a couple of weeks, but deterioration in 
terms of morphology usually occurs within 96 hours. If it is cer¬ 
tain that prolonged storage is unavoidable, it is important to re¬ 
place the fixative with 70^ ethyl alcohol (a couple of changes is 
advisable) and store at 4 C. 

6. Place root tips in IN HCl (82.2 ml of concentrated HCl and 917.8 
ml of water) for 5-20 min at 58-60 C for hydrolysis. Decant. 
The timing is important and will vary with the plant. In general, 
8-10 min is sufficient for hydrolysis. 

7. Stain roots in modified Feulgen for 5 min to 24 hr and then soak 
in tap water for 5 min or so at room temperature. Note: The 
length of exposure to the stain is important. An hour or so is 
the more usual case for staining (see the following [X'otocol). 

8. Squash in aceto-carmine by applying firm pressure with a suitable 
object (eraser end of pencil, blunt end of dissecting needle) 
through several thicknesses of filter paper or paper toweling. 
Note: Properly prepared roots will fall apart with only gentle 
pressure, and the cells will spread over the slide. 

9. In this condition these preparations are temporary and will dry 
out in a few hours. The edges of the cover glass can be sealed 
with a melted mixture of equal parts of paraffin and gum mastic 
and the slides will keep in this condition for several days. 

10. (Optional.) Tlie slides may be made permanent by the following 
prodedure: (a) If necessary, carefully scrape the paraffin-gum 

mastic mixture from around the edge of cover glass, taking spe¬ 
cial pains not to move the cover glass, (b) Yihen this has been 
done the solution remaining under the cover glass can be quickly 
frozen by discharging CO 2 under the slide, (c) When the slide is 
sufficiently frosty, carefully pry under a corner of the cover glass 
with a razor blade. The cover glass will usually pop right off. 
Cells ordinarily wlE adhere to both slide and cover glass. (Alter¬ 
natively, Cryokwik, dichlorodifluoromethane (CCI 2 F 2 ) packaged by 
Shield Chemical Company, Inc. for Damon/IEC Division 300 Second 
Ave., Needham Heights, MA 02194, is a convenient way to "pop 
off" the cover slip.) (d) Quickly but carefully put both slide and 
cover glass in a Coplin jar containing 95% ethyl alcohol for 5-10 
min. (e) 100% (absolute) ethyl alcohol, 5-10 min. ff) Mount in a 
drop of Permount or other suitable mountii^ medium. 
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PROTOCOL FOR CHROMOSOME STAINS 

A. Modified Feulgen (Unpublished) 

1. Boil 800 ml distilled water, pour over 6 g basic fuchsin, stir with a 
glass rod, and leave it to cool to 50 C (check with a thermomet¬ 
er). 

2. Filter through two layers of Whatman No. 1 filter paper premoist¬ 
ened with a few drops of water and then add 12 g potassium 
metabisulfite. Stir to dissolve the K 2 S 2 O 5 . 

3. Add 320 ml glacial acetic acid. Place in a tightly stoppered amber 
glass container and store in the refrigerator at least overnight 
before use. Note! The final color is a faint pink. The solution 
should be stored in the cold and away from light. Even so, it is 
good for about 2 months only. 


B. Feulgen (cf. also DeTomasi, 1936 and Vant Hof, 1968) 

1. Add 1 g basic fuchsin and 1.9 g potassium (or sodium) metabisulfite 
to 100 ml hydrochloric acid (0.15 N) solution and allow to stand 
for 24 hr. 

2. Add a heaping teaspoonful (ca 500 mg) of activated charcoal for 
each 100 nd of mixture. 

3. Filter through a Whatman No. 1 filter paper on a Buchner fuimel 
premoistened with a few drops of 1 N HCl. The solution after fil¬ 
tration should be virtually colorless. 

4. Store in refrigerator in an amber or otherwise darkened, tightly 
stoppered glass container. There are a number of variations in 
formulation of the Fuelgen stain. Variability in the basic fuchsin 
is the major problem. The solution is good for about 2-4 months 
and should be discarded it it turns pink. 


Aceto-Carmine (cf. also Belling, 1921, 1926) 

1. Combine 0.5 g carmine, 45 ml glacial acetic acid, and 55 ml dis¬ 
tilled water, stir well with a glass rod, and heat the mixture on a 
water bath until it begins to boil. Continue to boil for a couple 
of minutes until the carmine dissolves (there is a sudden change in 
color). 

2. Filter while hot through two layers of Whatman No. 1 paper. 

3. Add a few crystals of ferric acetate or other ferric salt (to ex¬ 
cess). 

4. Filter again through double Whatman and refrigerate in an amber or 
darkened bottle. The solution is very stable and can be used for 
a long time. Some investigators prefer to use this full strength. 
In many cases, however, it is better to use a 1:1 dilution with 
45^ acetic acid, since it generally gives a virtually unstained 
cytoplasm. 



Chromosome Number Variation and Karyotype Stability 569 

SAMPLE PROTOCOL FOR MITOTIC ANALYSIS OF CELLS GROWN IN 

SUSPENSION (cf., Fig. 4 for a schematic outline of some of the pro¬ 
cedures used in this laboratory for growing cells) 

1. Prepare a firesh solution of cytostatic agent on the day of antici¬ 
pated use (see text). 

2. AsepticaUy remove samples of cell suspension (ca. 20 ml each) 
using a widemouthed pipet and place each in a 35 ml conical 
centrifuge tube. (The tubes have metal closures.) 

3. Allow the tubes to remain in a holding rack without any disturb¬ 
ance for about 5 min to let the cells settle. 

4. Decant the supernatants, allowing a tiny amount of liquid to re¬ 
main so as not to expose the cells to the drying affects of air. 

5. Carefully wash the cells by adding about 10 ml of "wash solution" 
(see text) to each tube. 

6. Repeat steps 4 and 5 two to three times to effect a good wash. 

7. Select a vessel, such as an Erlenmeyer flask, that will permit ex¬ 
posure of the cells to a broad surface area. Do not use a centri¬ 
fuge or test tube. 

8. Transfer the cells from the conical centrifuge tube to this cotr- 
tainer using a Pasteur pipet. Some of the solution of cytostatic 
agent will have to be used to effect the transfer. It is very use¬ 
ful to retain for study some cells that have not been exposed to 
cytostatic agent. These may be treated with a fixative at about 
the same time cytostatic is added to the "test" samples. Fixa¬ 
tive, made fresh and prechilled, should be added and the cells 
retained in it for a minimum of 2 hr at 4 C. No interpretation 
of the experiment should be made without adequately studying 
this "control." 

9. Add enough additional solution of cytostatic agent to cover the 
cells. (The amount of cytostatic solution should be approximately 
equal to the volume of the suspension initially removed for treat¬ 
ment, i.e., if 20 ml of medium containing cells in suspension is 
the starting point, 20 ml cytostatic will be enough to cover the 
washed cells. 

10. Place the samples on a gently rotating shaker for the necessary 
period. The speed should be very slow (order of 25 rpm). This 
step is frequently best carried out in a cold room (5-10 C). The 
variable time period (see text) will usually be about 3.5 hr but 
may range from a half-hour to 4.5 hr. 

11. Transfer the contents of the flasks containing samjdes into clean 
centrifuge tubes. 

12. Allow the tubes to rest in a rack without any disturbance for 5 
min or so to let the cells settle. 

13. Decant the supernatants. Disctmd. Wash the cells several times. 
Decant the final wash. 

14. Slowly drip with a Pasteur pipet Eareehilled (4 C) fixative down 
the wan of the centrifuge tubes, taking care not to harshly 
"churn up" the cells. Even so, they need to be released from the 
"pellet" to be uniformly fixed. 
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15. Refrigerate the tubes for 10 min, 

16. Carefully remove the fixative with a pipette. (Use a bulW) Re¬ 
peat step 14 and place the tubes in the refrigerator for about 1.5 
hr. 

17. Carefully withdraw the fixative with a pipet. 

18. In this, the final fixation, it is often convenient and instructive to 
subdivide individual samples among several (five or so) containers. 

19. Keep the samples in the refrigerator for a minimum of 12 hr. 
(Quality of final preparations will deteriorate, however, if they 
are kept loiter than 48 hr.) 

20. To prepare for hydrolysis, decant the fixative from each sample. 
Remove excess fluid from each by inverting the vial over layers 
of filter paper or toweling to absorb the liquid. 

21. Add a few ml of 1 N HCl to each of the samples and place in an 
oven at 58-60 C for 12-15 min or so. (The length of hydrolysis 
will vary and tends to be longer in cultured cells than in intact 
organs.) 

22. Decant the hydrolyzing fluid and add a Feulgen stain (see previous 
Protocol). 

23. After about an hour or so, the cells are ready for squashing in a 
drop of 4585 acetic acid. 


FUTURE PROSPECTS 

Hesitancy to use free cell systems for cloning plants derives primar¬ 
ily from the lack of expertise on the part of some, but it also stems 
from the view held by many that chromosomal aberrations, especially 
aneuploidy and polyploidy, are very common in cultured plant cells. 
We have made an attempt to refute this much too broad generalization. 
Suffice to say that the incidence of these changes in morphologically 
competent ceU systems has not been adequately studied. Few seem to 
appreciate that such changes are often induced, even fostered, by the 
culture procedures adopted. To subscribe to the view that too great a 
risk of chromosomal change occurs when callus is induced and that to 
contemplate induction of somatic embryos via eeU suspension cultures 
for the purposes of clonal micropropagation is courtii^ disaster is ill- 
advised for serious investigators. The first rebuttal should be that 
there is insufficient critical data on the genetic stability or lack there¬ 
of in totipotent cell suspensions capable of producir^ plantlets, and 
hence there is no adequate base for generalizations. Much of the lit¬ 
erature deals with callus, cultured cells or callus-derived roots rather 
than the plantlets (or the roots thereof) to which they give rise. 

One can find several tables in the literature summarizing the chrom¬ 
osomal instability encountered in tissue cultures. Readers are urged to 
consult Evans and Reed (1981, pp. 215-216) and D'Amato (1977a, pp. 
350-351) for the tables and their accompanying citations. 

A major obstacle to meanii^ul chromosome analysis is that in many 
eases it is not yet possible to initiate morphogenetieally competent 
callus or suspension cultures within a short period of time. If too 
much time elapses between taking of the primary explant and the satis- 
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factory establishment of the morphogenetically competent cell suspen¬ 
sion state, so much selection and variation may have gone on that the 
culture might in all reality only slightly resemble the cells in the ini¬ 
tial explant. Efforts to disclose the requirements for inducing rapid 
cell divisions, especially in more recalcitrant cases, still is a laudable 
goal and investigators should not rest comfortably in a state of false 
security thinking that one knows everything there is to know about 
initiating and maintaining cultures. We do not (of. Krikorian and Kann, 
1981; Krikorian, 1982, and refs, there cited). 

There is a vast body of information that exists or is beginning to 
surface on the genetic toxicology of various substances used by tissue 
culture workers as growth regulators. Whereas the greater amount of 
attention has been given to the phenoxy acids (Shoji et al., 1960; 
Seiler, 1978; Ehrenberg, 1978; Grant, 1979), there is some information 
on other growth regulators as weU (e.g., Sawamura, 1964, 1965). It 
will be a long time before we really can authoritatively advise investi¬ 
gators to refrain from the use of any given compound. 

For one reason or other, chromosomal changes, including mutations 
that carry over into regenerated plantlets, might be utilized as poten¬ 
tially valuable sources of genetic variations (Larkin and Snoweroft, 
1981). Banding techniques would permit investigators to routinely 
screen morphogenetically competent cell populations prior to their use 
in specific procedures or their use in regenerating plantlets. If the 
cells contained chromosome abnormalities, then the cultures would be 
discarded and fresh ones initiated. In this laboratory, it is a routine 
procedure to establish fresh cultures on a continuing basis so as to 
minimize chromosomal abnormalities. Unpublished studies carried out 
several years ago revealed that the phenotype of cultured carrot plants 
throughout their development—from young plants to mature ones com¬ 
plete with flowers and seeds—is normal provided the suspensions, from 
which the somatic embryo-initiatir^ cells were derived, were less than 
one-year-old. Plants from cells kept in suspension culture for longer 
periods showed a number of phenotypic aberrations that could be corre¬ 
lated with their chromosomal condition. 

The high level of success enjoyed by animal cell workere in terms of 
Giemsa bandit^ seems more remote for those working with plant cells. 
Even so, progress is being made (Vosa, 1975; Mok and Mok, 1976; Lav- 
ania, 1978a; Dumas de Vaulx, 1980). Similarly, use of substances such 
as the fluoroehrome 'Hoechst 33258' to disclose constitutive heterochro¬ 
matin and/or repetitive DNA and even to detect sister chromatid 
exchange has also been used in plants with varying degrees of success 
(Perry and Wolff, 1974; Filion et al., 1976; Cesarone et al., 1979; Pea¬ 
cock et al., 1981). 

Presumed epigenetic ally-determined responses in culture-derived plant- 
lets are only one type of problem that cannot be addressed adequately 
by only counting chromosomes. It is well known that epigenetic ef¬ 
fects can be noted in products of cells that are karyologically normal 
(Sibi, 1976; Siminovitch, 1976; Larkin and Scowcroft, 1981). One ex¬ 
ample of an epigenetic effect being expressed in culture involves pro¬ 
duction of juvenile or adult leaf forms accordii® to the source of the 
primary explant (Stoutemeyer and Britt, 1965; Marcavillaea and Montal- 
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di, 1967; Banks, 1979). Another involves shoot plagiotropism (i.e., hav¬ 
ing the longer axis inclined away from the vertical) in culture-derived 
plants. This is particularly true of conifers. Although plants with 
orthotropic shoots (Le., those that elongate vertically) can be retrieved 
from culture-derived plants that show plagiotropism, it is often a time- 
consuming and labor-intensive procedure (e.g., Franelet, 1977; Franelet 
et al., 1980). In this laboratory, tiny daylUy plantlets that have a 
phyllotaetic arrangement normally encountered in, and characteristic of, 
the more mature forms (Fitter and Krikorian, unpublished) have been 
encountered. 

As time goes on, plant cells are sure to be amenable to more and 
more sophisticated techniques such as satellite DNA localization (Pea¬ 
cock et al., 1981). Even so, there is no doubt that use of the exist¬ 
ing, even classical, methodology covered in this chapter can go far to 
disclose many of the kinds of events occurrii^ under a given set of 
culture condition. With the intense interest in somatic cell hybridiza¬ 
tion via use of protoplasts for genetic engineering (Kleinhofs and Behki, 
1977; Chaleff, 1981; Cocking et al., 1981), one is seeing increased 
interest in careful application of cytological techniques. One cannot 
fail to see the limitations of metaphase chromosome analysis, but there 
seems little point in attempting more advanced technology when even 
the available methods have not been fully exploited. Had adequate 
karyological and chromosomal analysis been carried out on all the 
materials that have thus far been cultured, it would have been possible 
to treat the subject matter of this chapter with a greater degree of 
certainty. 
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SECTION II 

Molecular Techniques 


CHAPTER 17 

Fraction-1 Protein and 
Chloropiast DNA as Genetic Markers 

S.D. Kung 


Somatic cell fusion and recombinant DNA technology form the basis 
of the intense current interest in plant genetic manipulation. Somatic 
cell fusion overcomes certain restrictions on gene flow between organ¬ 
isms that are sexually incompatible. Recombinant DNA technology per¬ 
mits gene transfer even between prokaryotes and eukaryotes (Cocking 
et al., 1981). Together, they offer an opportunity not available before 
to improve plants genetically. The success of both approaches depends, 
to a large degree on the refinement and success of tissue culture tech¬ 
niques. One limitation confronting us today in using tissue culture, 
particularly the somatic ceU fusion, as a way of genetic manipulation, 
is the lack of proper and effective markers for selection. Considerable 
effort should be directed toward development of efficient selection 
schemes. 

One of the many nonselective genetic markers currently used in plant 
systems is the Fraetion-1 (FI) protein (Kung, 1976b; von Wettstein et 
al., 1978). This protein has many unique properties. One of them is 
the variability of the isoelectric focusing patterns that have been wide¬ 
ly used to identify the parentage of many progenies from a variety of 
plant species, especially in tobacco (Kung, 1976b). Tobacco, in turn, is 
the most commonly used material for tissue culture. Tlierefore, this 
chapter is confined to Nicotiana FI protein and its application as a 
genetic marker for both chloropiast and nuclear genomes. Because re¬ 
cent studies of Nicotiana chloropiast DNA (cpDNA) have revealed a 
higher degree of variability in its restriction sites, it appears to be 
more useful than the isoelectric focusing patterns of FI protein as a 
genetic marker for the chloropiast genome. Therefore, the potentials 
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and limitations of using cpDNA as a genetic marker will also be dis¬ 
cussed. 


FRACTION-1 PROTEIN AS A UNIQUE GENETIC MARKER 

FI protein is a major chloroplast protein comprising more than 50!6 
of the total soluble leaf protein (Fig. 1). Historically it was discov¬ 
ered from the study of plant hormones (Wildman and Bonner, 1947) and 
subsequently identified as the major photosynthetie enzyme, ribulose 
1,5-bisphosphate carboxylase-oxygenase (RuBPCase) (Dorner et al., 
1957). It is a unique enzyme in many aspects. For example, it cata¬ 
lyzes both reactions of photosynthesis and photorespiration (Andrews et 
al., 1973); it requires both chloroplast and nuclear genomes for its syn¬ 
thesis (Kung, 1977); and it consists of two types of subunits and has 
separate sites for activation and catalysis (Lorimer, 1981). Because of 



Figure 1. Analytical ultracentrifuge schlieren pattern of total soluble 
protein and free ribosomes extracted from tobacco leaves (top). The 
four distinct components are Fraction II protein (FIIP), FI protein 
(RuBPCase), 7QS and SOS ribosomes. The crystalline FI protein is 
homogeneous and has a sedimentation coefficient of 18S (below). 


Fraction-1 Protein and Chloroplast DNA as Genetic Markers 585 

these unusual properties, FI protein has been the subject of intensive 
study by many laboratories in recent years. One of the practical 
applications of FI protein is the wide adaptation of this protein as a 
genetic marker. In this chapter, the molecular biology, the procedure 
for crystallization, and the application of FI protein as a genetic 
marker of Nicotiana will be described. 


Characterization of Nicotiana Fraction-1 Protein 

STRUCTURE AND FUNCTION. FI protein from higher plants, inclu¬ 
ding tobacco, is composed of eight large and eight small subunits, each 
of which has an estimated molecular weight of 5.5 x 10“ and 1.4 x 10“ 
d, respectively (Fig. 2). The eight large subunits (LS) are situated at 
the four corners of a two-layered structure with the eight small sub¬ 
units (SS) on the surface. This proposed LgLg structure for FI protein 
fits well with aU evidence obtained from X-ray diffraction (Baker et 
al., 1975), electron micrographic (Bovien and Mayer, 1978), and 
chemical (Rutner, 1970) investigations. The subunits can be dissociated 
under a variety of denaturing conditions, such as urea, sodium dodecyl 



s# # 


Figure 2. SDS-gel electrophoretic separation of the large (L) and small 
(S) subunits of earboxymethylated FI protein; left—FI Effotein, center- 
large subunit, right—small subunit. 
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sulfate, and extreme pH, and then can be separated by gel filtration 
(Rutner and Lane, 1967). The large and small subunits have different 
amino acid compositions and tryptic maps. The LS is also much more 
hydrophobic than the SS. Upon the digestion with trypsin about 55 
and 28 peptides were released from the large and small subunits 
respectively (Rung et al., 1974). Recent DNA sequence analysis of the 
gene coding for the LS of FI protein from maize revealed that there 
are a total of 475 amino acid residues per LS with a molecular weight 
of 52,682 (McIntosh et al., 1980). It contains 11 sulfhydryl groups, 26 
lysine, and 29 arginine residues similar to that of tobacco (Rung et ah, 
1974). 

Isoelectric focusing of S-carboxymethylated FI protein fhom N. tabac- 
um in polyacrylamide gels has resolved the subunits into their compon¬ 
ent polypeptides (Rung et al., 1974), The 8 LS are resolved into three 
polypeptides each having a molecular weight of 5.5 x 10^ d (Fig. 3). 
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Figure 3. Genetic analysis of the carboxymethylated Nicotiana FI pro¬ 
tein by isoelectric focusing techniques. The isoelectric focusing pat¬ 
tern of large (L) and small (S) subunits of FI protein are from (left to 
right) N. gosseif N. excelsior, N. tabacum (female) x N. glauca (male), 
N. glauca (female) x N. tabacum (male), N. glauca, and N. tabacum. 
The large subunits consist of three polypeptides and the small subunits 
vary from one to four polypeptides. 
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The 8 SS are resolved into two polypeptides each having an identical 
molecular weight of 1.3 x 10'* and a different N-terminal amino acid 
sequence (Gibbon et al., 1975). In this case the two types of SS are 
randomly distributed in each molecule (Hirai, 1973). 

FI protein is the important photosynthetic enzyme RuBPCase, a 
unique enzyme having dual functions that either fix or lead to the evo¬ 
lution of CO 2 . This enzyme catalyzes the addition of CO 2 and the 
cleavage of ribulose 1,5-bisphosphate (RuBP) to form two molecules of 
3-phosphoglycerate. Since this enzyme also possesses oxygenase activ¬ 
ity it produces one molecule each of phosphoglyeolate and 3-phospho¬ 
glycerate (Jensen and Bahr, 1977; Lorimer, 1981). The phosphoglycol- 
ate serves as the substrate of photorespiration. 


GENETICS AND SYNTHESIS. The reciprocal interspecific hybridiza¬ 
tion studies of Nicotiana spp. have been used to localize the genetic 
information of FI protein (Fig. 3). The basis for this approach is that 
organelle DNA (chloroplasts and mitochondria) of many higher plants in¬ 
cluding tobacco is transmitted maternally. Therefore, any protein 
coded by organelle DNA is likely inherited uniparentally via the female 
parent. By using this approach it was demonstrated that the genes 
that code for the LS are inherited only from the maternal line and are 
therefore located in the chloroplast genome (Chan and Wildman, 1972). 
A similar genetic analysis showed that the coding information for SS of 
FI protein is transmitted biparentally and is therefore contained in the 
nuclear DNA (Kawashima and Wildman, 1972). This has been confirmed 
by many studies using in vitro systems in which the LS of FI protein 
was either synthesized by isolated chloroplasts (Blair and Ellis, 1973), 
purified cpDNA (Bottomley and Whitfeld, 1979), or a cloned chloroplast 
DNA fragment (Link et al., 1978; Gatenby et al., 1981). Furthermore, 
the chloroplast gene for the LS of FI protein has been sequenced from 
maize (McIntosh et al., 1980), whereas the nuclear gene for the SS of 
FI protein has been sequenced from pea (Bedbrook et al., 1980). Thus 
the separate location of the coding iirformation for FI protein has been 
firmly established. 

The evidence for the site of synthesis of subunits of FI protein was 
first provided by studies with inhibitors (Criddle et al., 1970). Chlor¬ 
amphenicol was reported to specifically inhibit the synthesis of the LS, 
whereas cycloheximide preferentially inhibits the synthesis of the SS. 
This suggested that the LS of FI protein was synthesized within the 
chloroplast and the SS was synthsized at a separate site, probably in 
the cytoplasm. This suggestion was later confirmed by the evidence 
obtained from the cell-free system and immunological apEffoaches (Good¬ 
ing et al., 1973). It is now clearly established that the LS is coded 
for by a single chloroplast gene, its messenger RNA is a chloroplast 
RNA, relatively non-polyadenylated, and it is synthesized on chloroplast 
ribosomes (70S). The SS is coded by nuclear genes; its mRNA is a 
cytoplasmic RNA, and it is synthesized on cytoplasmic ribc»omes (80S). 
The SS is synthesized in the form of a precursor polypeptide of about 
20,000 d, and then transported into the chloroplast where it is 
processed and assembled into the holoenzyme. It has been postulated 
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that a transit sequence on the N-terminal end of the SS directs trans¬ 
port and assembly with the LS (Schmidt et al., 1979). Many details of 
the sequence, uptake and processing of the precursor, have been eluci¬ 
dated (Chua et al., 1978). However, recent evidence also indicates 
that the mRNA for the LS of FI iH-otein can be translated in both 
eukaryotic and prokaryotic in vitro protein synthesizing systems (Bot- 
tomley and Whitfeld, 1979). 

Since separate coding information as well as different sites of synthe¬ 
sis are required for FI protein, proper control mechanisms must be ex¬ 
erted in such a fashion that the synthesis of large and small subunits 
are coordinated. Although there is no clear view of this controlling 
mechanism, the study of assembly of this protein inside the chloroplast 
and the free subunit pool may provide some insight. Currently, the 
suggestion of control mechanisms operating to coordinate the regulation 
of the synthesis of large and small subunits is primarily based on the 
results obtained from the studies using inhibitors. For example, the 
specific inhibition of cytoplasmic protein synthesis not only blocks syn¬ 
thesis of the SS but also synthesis of the LS of FI protein. This is 
generally viewed as the evidence suggesting the existence of an in vivo 
control mechanism. When the pool of SS is depleted because of inhibi¬ 
tion of synthesis, it in turn shuts down the synthesis of the LS. In 
this case it would imply that a nuclear gene remains in control of the 
overall rate of synthesis of FI protein. 


MOLECULAR EVOLUTION. The evolution of the subunit structure of 
FI {ffotein during speciation of Nicotiona has been systematically stud¬ 
ied (Chen et al., 1976). The analysis of FI protein from new species 
by isoelectric focusing shows that the LS is invariably identical to that 
of the female parent, as is expected because of the maternal inherit¬ 
ance of chloroplast genomes, and the SS is composed of polypeptides 
similar to both parents. Therefore, hybridization of two species each 
with a single but different SS polypeptide could give rise to a new FI 
protein with two combined SS polypeptides, and a second round of 
interspecific hybridization could give rise to a FI protein with four dif¬ 
ferent SS. For example, N. tabacum FI protein is known to have orig¬ 
inated from a hybridization of N. sylvestris as the female parent, with 
N. tomentosiformis as the male parent (Gray et al., 1974); therefore, it 
is composed of the LS identical to N. sylvestris and two SS, one from 
each parent. Likewise, the FI protein of amphidiploid N. digluta, the 
interspecific hybrid between N, glutinosa and N. tabacum, contains LS 
identical to N. glutinosa and four SS, two from each parent (Kung et 
al., 1976). This information permits inferences of the origin of existing 
FI protein and the prediction of new FI protein derived from breeder 
assisted interspecific hybridization. 

Many cytoplasmic male sterile (CMS) lines of N. tabacum have FI 
proteins consisting of different large but identical small subunits (Fig. 
4). The LS are identical to the female parents from which these CMS 
lines were derived by interspecific hybridization, with N. tabacum as 
the male parent. The SS is identical to that of N. tabacum because of 
repeated backcrosses (Kung and Rhodes, 1978). Recently, a series of 



Fraetion-1 Protein and Chloroplast DNA as Genetic Markers 589 



Figure 4. Isoelectric focusing patterns of carboxymethylated FI pro¬ 
tein polypeptides. Representing the variable large (L) and identical 
small (S) subunit combinations are: N. tabacum cv. Maryland 609 (A 
and C); cv. Burley 21 genome in N. megalosiphon cytoplasm (B); cv. 
Burley 21 (C); cv. Burley genome in N. plumbaginifoUa cytoplasm (D 
and G); and cv. Hicks genome in N, imdulata cytoplasm (F). 

FI protein has been genetically constructed in such a fashion that they 
all have identical LS by using a single species, N. sylvestris, as the 
female parent in all crosses. Since the male parent in each cross has 
different SS, the resultant FI protein is characterized by having identi¬ 
cal large but different small subunits, the opposite situation as the 
CMS lines. 


Hiysicoehemieal Properties and Procedure of Crystallization 

PHYSICOCHEMICAL PROPERTIES. Tobacco FI protein possesses 
many unique physicochemical properties. It is only soluble in the pres¬ 
ence of its substrate, RuBP, or h^h salt (NaCl) and requires heat 
treatment to reach the maximum enzymatic activity. These two prop¬ 
erties provide the basis for the development of a simpler crystallization 
iroeedure (Lowe, 1977) than the one originally devised by Chan et al. 
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(1972). This procedure consists of three steps; namely, the breakage of 
chloroplasts in high salt concentration to release the protein, heating 
the crude filtrate to precipitate the undesirable material, and removal 
of the salt by gel fUtration to yield crystalline protein. To date, 
tobacco FI protein is the only known plant protein that can be pre¬ 
pared in crystalline form by such a simple procedure. The crystalline 
FI protein is homogeneous as determined by sedimentation velocity 
(Fig. 1) and by polyacrylamide gel electrophoresis (Fig. 2). The crys¬ 
talline protein contains no carbohydrate (Sakano et al., 1973), no tight¬ 
ly bound metals (ChoUet et al., 1975), and no unusual amino acids. It 
has a sedimentation coefficient (S^o.w) of 18S, corresponding to the most 
commonly reported molecular weight of 5.6 x 10® d (Kung, 1976a). 
This protein assumes spherical shape in solution and has a density near 
1.0 in a crystalline form. These and other physicochemical properties 
of the FI protein are listed in Table 1 (Kung et al., 1980). 


Table 1. Physicochemical Properties of FI Protein 


PHYSICOCHEMICAL PROPERTY 


PLANT SOURCE 

Sedimentation coefficient S^w 

= 18.3 S 

Tobacco 

Molecular diameter (A) 

= 112 

Tobacco 

Molecular weight (daltons) 

= 5.6x10® 

Tobacco 

Partial specific volume (cm/g) 

= 0.7 

Tobacco 

Wet crystal density (g/cm^) 

= 1.058-1.095 

Tobacco 

Water content of wet crystal (96) 

= 80 

Tobacco 

A280nm/A2S0nm 

= 1.92 

Tobacco 

Diffusion constant da,w(cm7sec) 

= 2.93x10'^ 

Spinach 

Frictional coefficient (f/f°) 

= 1.11 

Spinach 

Extinction coefficient (E}^ 

= 14.1 

Spinach 


PROCEDURE OF CRYSTALLIZATION. The crystallization procedure 
described below is for large-scale operation. This is based on the 
method developed by Lowe (1977) and requires 200-400 g of leaves. 

Young tobacco leaves grown in a greenhouse (4-5 weeks after germi¬ 
nation) are homogenized with 0.01 ml 2.0 M NaCl plus 2 -mercaptoetha- 
nol per gram leaf in a Waring blender. With the blender at low speed, 
leaves are gradually added as pieces. After all leaves are added, the 
slurry is blended at high speed for 30-50 see. The resulting slurry is 
carefully squeezed through four layers of cheesecloth and one layer of 
Miraeloth. The green filtrate is immediately heated in a 50 C water 
bath with occasional stirring until the filtrate reaches 45-48 C. TTie 
suspension is rapidly cooled in an ice bath to 15-20 C. Then 2 ml of 
1025 NajEDTA is added for every 100 ml of filtrate and the pH adjus¬ 
ted to 7.5 with 1.0 M Tris (about 4-5 ml per 100 ml of filtrate). The 
green simpension is centrifuged for 20 min at 16,000 x g. The super¬ 
natant is carefully decanted and passed through a Sephadex G"5fl 
column equilibrated with 25 mM Tris-HCl pH 7.9, 0.2 mM EDTA. Two 
fractions are collected when protein starts to appear (as detected by 
with 595 TCA) in the effluent. A large fraction of effluent is collected 
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first (about 70-8086 of the protein fraction). The remainder or the pro¬ 
tein fraction of effluent is collected separately. The protein concen¬ 
tration in the small fraction is rather low, and sometimes this fraction 
fails to yield crystals. Usually, crystals are formed in the column or 
will be formed overnight at 4 C. The crystals appear having a hexa¬ 
gonal shape (Fig. 5). A yield of 2-3 mg of crystals per gram of fresh 
weight of leaves can be expected. Protein concentration, as mg per 
ml, is calculated by the factor Ajgonm ^ 0*7 (1 cm light path). The 
column can be cleaned by washing with distilled water to remove salt 
and pigments. 

In some eases, only a small quantity of leaf material can be ob¬ 
tained. If the material is less than 50 g, the crystallization procedure 
originally developed by Chan et al. (1972) can be employed. In a 
small Waring blender, or by using a pestle and mortar, 20-30 g of 
leaves are homogenized in 1-2 volumes of 0.05 M Tris-HCL (pH 7.4) 
buffer containing 1.0 M NaCl. Filter the paste throi^h cheesecloth 
and Miracloth and squeeze to obtain juice, which is centrifuged at 
17,000 g for 5 min. Remove any floating material; decant the super¬ 
natant, and centrifuge it at 17,000 g for 30 min. Concentrate the 
supernatant to about 5 ml by ultrafiltration (Amicon). Tbe resultir^ 
concentrate is placed in a collodion dialysis bag and subjected to 0.025 
M Ttis-HCl (pH 7.4) buffer containing no NaCl. Crystals usually ap¬ 
pear overnight at 4 C. 

A procedure for microscale preparation of Nicotiana FI protein was 
developed by Uchimiya et al. (1979a). FI protein contained in as little 



Figure 5. The photomicrograph of crystals of tobacco FI protein. The 
largest crystal is about 0.33 mm in diameter. 
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as 300-500 mg of leaves can be precipitated by antiserum. The anti- 
body-protein complex can then be carboxymethylated and subjected to 
isoelectric focusing. This method is described briefly as follows: 

Leaf tissues weighing 1-2 g are homogenized manually with 1-2 ml of 
0.05 M Tris-HCl (pH 7.4) bu&er using a Teflon tissue grinder. The re¬ 
sulting slurry is centrifuged at 8,000 x g for 15 min to remove the 
debris. To every ml of buffer used 0.3 ml of the anti-Fl protein serum 
is added to the supernatant. After incubation for 1 hr at 37 C it is 
incubated at 4 C overnight. The antibody-protein complex is collected 
by centrifugation at 3,000 x g for 15 min. The precipitate is washed 
twice by resuspersion in the same buffer and centrifugation at 3,000 x 
g for 15 min. The washed antibody-Fl protein pellet is solubilized in 
0.1 ml of 0.5 M ‘Il'is-HCl buffer (pH 8.5) containing 8 M urea, 1 mM 
EDTA Md 5 mg dithiothreitol (DTT). This solution or suspension is 
placed in a 1 cm X 7.5 cm test tube sealed with a rubber cap to 
maintain an N 2 atmosphere for earboxymethylation. 


Analysis of FI Protein by Isoelectric Focusing 

PRINCIPLE. The principle of isoelectric focusing is straightforward. 
Proteins migrate through a stable pH gradient under the influence of an 
electric potentiaL Migration ceases when a protein reaches its iso¬ 
electric point in the gradient. Every protein has an isoelectric point, 
pl, which is the pH value at which its net charge is zero. If the pro¬ 
tein is added to a solution with a pH higher than pl, it loses protons 
and^ becomes negatively charged. Conversely, if the protein is in an 
environment with a pH lower than pl, it will capture protons and be¬ 
come positively charged. In an electric field, positively charged pro¬ 
teins migrate toward the cathode and negatively charged proteins 
toward the anode. 

When a sample of proteins with different isoelectric points within the 
pH range of the gradient is applied to the system, the protein mole¬ 
cules acquire different charges according to the pl of each protein. 
Applying a voltage across such a gradient results in each protein mole¬ 
cule migrati:^ toward the pH value in the gradient where its net 
charge is zero. The proteins are thus exactly focused at the point 
where the pH is equal to the pl. Each protein zone remains sharp¬ 
ened in its position as long as the pH gradient is stable and the volt¬ 
age is maintained. In gel isoelectric focusing, therefore, no matter 
how each protein is distributed at the beginning of a run, it always 
ends up at ^ its isoelectric point. Thus the proteins can be applied 
either by mixing with the gel solution or by loading on to the top of 
the gel. 


PROTOCOLS 

1. S-Carboxymethylation of FI Protein. Api^oximately 3-5 mg of pro¬ 
tein is dissolved with 0.6 ml of 0.05 M Tris-HCl pH 8.5, 18.0 M 
urea, 0.001 M EDTA in a 1.0 x 7.5 cm tube. The tube is then 
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sealed, and flushed with N 2 for 5 min. Then 0.2 ml of Tris-urea 
medium containing 3-5 mg of DTT is carefully injected into the 
sealed tube and the solution is incubated for 2 hr at 25 C. The 
tube is then covered with aluminum foil to exclude li^t. Next, 
0.2 ml of Tl'is-urea medium, containing 9-15 mg of iodoacetlc acid 
or iodoacetamide, is injected. After 15 min further incubation at 
25 C^the reaction mixture is passed throi^h a 1 x 15 cm Sephadex 
G-25 column previously equilibrated with Tris-urea medium. TTie 
protein fraction is eluted with li'is-urea medium and collected 
using 5% TCA as an indicator (Kung et al., 1974). 

2. Isoelectric Focusing. After installing the gel in a vertical slab 
apparatus, 200 ml of 0.2% H 2 SO 4 are placed in the bottom trough 
and 200 ml of 0.4% triethanolamine in the top. The pH gradient is 
established during a 2 hr prerun at 5 mA. Since electrical resis¬ 
tance rises during formation of the pH gradient, the voltage must 
be increased gradually to maintain a constant current until the 
gradient is established. This takes about 15 rain. After 2 hr pre¬ 
run samples can be applied to each slot of the gel. Isoelectric fo¬ 
cusing may be carried out for 4 hr or overnight at 25 C, maintain¬ 
ing a maximum current of 5 mA and up to a maximum voltage of 
about 300 V (Kung et al., 1974). 

3. Application of Sample. Top loading is [U'eferred to mixing samples 
with the bulk acrylamide solution. The protein concentration of 
each sample after S-carboxymethylation is determined, and 15-20 
ug are applied in 10-20 pi per slot. No sucrose solution is need¬ 
ed, because the proteins are in the Tris-urea medium. A Hamilton 
syrii^e is used for sample application. 

4. Staining of Protein. The gel is removed at the conclusion of the 
run and stained with 0.2% broraphenol blue in ethanol-acetic acid- 
water (10:1:9, v/v/v) for 1 hr and destained in ethanol-acetic acid- 
water (90:15:195, v/v/v). Protein dyes such as amido black should 
not be applied directly to the gel, since the carrier ampholytes 
stain strongly. However, amfdiolytes can first be removed by re¬ 
peated washing with 5% TCA. 


Application of FI Protein as a Unique Genetic Marker 

PRACTICAL APPLICATIONS. The requirement of both nuclear and 
chloroplast genomes for the biosynthesis of FI protein not only offers 
the opportunity to study the cooperative interaction between nuclear 
and cytoplasmic systems, but also provides a unique genetic marker for 
both genomes. This is particularly useful in identifying hybrid plants 
derived from somatic cell fusions as well as in studying the fate and 
distribution of organelles in the fused product where the coexistence of 
two cytoplasms is a distinct possibility (Izhar and Tabib, 1980). In the 
absence of an effective selective marker to identify somatic hybrids, 
the analysis of the isoelectric focusing pattern of FI protein has be¬ 
come a standard procedure to verify the hybrid nature of the regener¬ 
ated plants. This technique was first applied to identify the parasexual 
hybrid plants produced by the fusion of protoplasts from N. glauca and 
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N. Imgsdorffii (Chen et al., 1977), as well as the combination of N. 
suaveolens nuclei with ehloroplasts of N. tabacum. The expression of 
both nuclear and ehloroplast genomes in these parasexual hybrid plants 
was examined by an analysis of the isoelectric focusing pattern of PI 
protein. Figure 6 shows the polypeptide composition of the large and 
small subunits of FI protein prepared from the leaves of the parasexual 
hybrid of N. glauca and N. Icofigsdorffii, produced by protoplast fusion. 
This is compared with the two parental species and an artificial mix¬ 
ture of the parental proteins. The results suggest that the nuclear 
genes for the small subunits of both species are equally expressed in 
this parasexual hylwid, whereas only the ehloroplast genome for the 
large subunit of N. glouco is expressed. This confirms the hybrid 
nature of the plant produced by somatic cell fusion. It is also evident 
from the analysis of FI protein that the nuclear and ehloroplast gen¬ 
omes from both N. suaveolens and N, tabacum are present and equally 
expressed in the hybrid plant (Rung et al., 1975). Whether the two 
different ehloroplast populations exist in the same cell or in different 
cells of chimeral tissue is not certain in this case. However, it has 
later been demonstrated, by using FI protein, that different populations 
of ehloroplast do not coexist within the same cell (Chen et al., 1977). 
The value of FI protein as a unique genetic marker for both nuclear 
and ehloroplast genomes has thus been clearly illustrated. 



Figure 6. The isoelectric focusing pattern of FI protein prepared from 
the parasexual hybrid of N. glauca and N. longsdorffii. (A) N. langs- 
dorffii, (B) parasexual hytoid of N. glauca and langsdarffii, (C) N. langsr 
dorffii FI protein, CD) equal mixture of N. glauca and N. langsdarffii FI 
Effotein. 
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The application of FI protein as a genetic marker is not limited in 
identifying the sexual and somatic hybrid plants but also can be applied 
to determine the origin, evolution, and speciation of many plants. In 
the case of identifying hybrid plants, the application is widely adapted. 
For example, it has been successfully used in recent years to demon¬ 
strate the hybrid nature of plants regenerated from the interspecific 
and intergeneric somatic cell fusion of protoplasts. Somatic hybrid 
plants produced by fusion of protoplasts between different species of 
tobacco (Rung et al., 1975), different species of petunia (Kumar et al., 
1980), as weU as between different genera such as tomato and potato 
(Melchers et al., 1978) have been identified by using FI proteins. It is 
very clear from analysis of the LS of FI protein in the somatic hybrid 
that only ehloroplasts from one species of tobacco (Chen et al., 1977) 
and petunia (Kumar et al., 1980) are present in the hybrid plants and 
are being expressed. However, both species have an equal chance for 
presence and exEH*ession (Chen et al., 1977). A similar observation was 
reported from the potato-tomato somatic hybrids (Melchers et al., 
1978). It seems true that although it is possible to combine two dis¬ 
tinct chloroplast populations in one cytoplasm, it is rather difficult to 
keep them functionally together. 

Ihere is a large body of evidence in using FI protein to study the 
evolution of many plant species. The study of the origin of N. tabac- 
wn (Gray et al., 1974) and other new Nicotiona species (Kung et al., 
1976) illustrated the first successful application. Subsequently, it has 
been employed to study the origin of polyploid wheats (Chen et al., 
1975b), of European potato (Gatenby and Cocking, 1978a), of amphidi- 
ploid Brassica (Uchimiya and Wildman, 1978), the evolution of the genus 
Lycopersicon (Gatenby and Cocking, 1977; Kumar et al., 1980), and 
some other Angiosperm groups (Uchimiya et al., 1977; Chen and Wild¬ 
man, 1981). Furthermore, FI protein has also been employed as a 
powerful genetic marker for studying chloroplast uptake, inheritance, 
and distribution in the somatic hybrids as weU as possible mechanisms 
of cytoplasmic male sterility (Chen et al., 1975a; Kung, 1976b; Chen 
and Meyer, 1979; Glimelius et al., 1981). 


POTENTIAL AND LIMITATIONS. The success of using FI proteins 
as genetic markers depends entirely on differences in the isoelectric 
focusing pattern of the large and smaU subunits. Without such distinct 
differences, the value of FI protein as a genetic marker is diminished. 
In Nicotima there are four types of large and thirteen types of smaU 
subunits among the 64 species that have been examined (Chen et al., 
1976). The limited differences in isoelectric focusing pattern among 
the LS of FI protein confined its usefulness as a genetic marker for 
chloroplast genomes to differences between four groups. However, the 
identical isoelectric points of polypeptides do not necessarily reflect 
the identity of their primary structure. This is because changes in 
amino acid composition or sequence without a change in overaU net 
charge of the polypeptides would not alter the isoelectric point. This 
can be iUustrated by demonstrating the differences in the amino acid 
composition and peptide maps of four FI proteins exhibiting identical 
isoelectric focusing patterns (Kung et al., 1977). 
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The advantages of using FI protein as a genetic marker in Nicotiona 
are (1) the simEde crystallization [urocedure whereby a large quantity of 
pure crystalline FI protein can be easily obtained and (2) a one-step 
operation for comparison of the isoelectric focusing patterns of the 
large and small subunits. Such advantages are nullified when the dif¬ 
ference between the large and small subunits of two species can be de¬ 
tected only by amino acid analysis or peptide mapping. Furthermore, 
the instability and variation of the isoelectric focusing pattern of the 
LS of FI protein can make the identification of two closely related LS 
difficult. It is known that there is a single gene for the LS of FI 
E»‘otein per ehloroplast genome and that the multiple polypeptide bands 
resolved from each LS are the results of a combination of post-transla¬ 
tional modifications and oxidation of the thiol groups (Rung, 1976a). 
Consequently, the number of polypeptides detected from the LS of dif¬ 
ferent plant species or from different preparations of the same species 
can vary from two to as many as twenty depending on how the FI 
protein was pretreated (Rung et al., 1974). This phenomenon deserves 
serious consideration when the isoelectric focusing pattern of FI 
protein is used as genetic marker for ehloroplast genomes. However, 
the isoelectric focusing pattern of the SS of FI protein is reproducible. 
Each band represents the product of a single nuclear gene. Since 
there are only a few thiol groups per small subunit, the randomized 
oxidation in this case does not constitute a serious problem. 


CHLOROPLAST DNA AS GENETIC MARRER 
Physicochemical ftoperties and Organization 

ehloroplast DNA is a double-stranded structure having a high molec¬ 
ular weight of 95-100 x 10^ d (Rung, 1977; Bedbrook and Rolodner, 
1979). It has an average buoyant density of 1.698-1.700 g/cm^ corres¬ 
ponding to a GC content of 38-4135 (Rung, 1977). In all cases the 
buoyant density of cpDNA is indistinguishable from that of the nuclear 
DNA. However, cpDNA possesses some unique features. To date, no 
detectable 5-raethyl cytosine can be found in the cpDNA from higher 
plants, whereas the corresponding nuclear DNA invariably contains 4- 
5*. Another unique property of cpDNA is the ease with which it can 
be renatured. This is a reflection of the degree of simplicity and 
homogeneity of cpDNA which is a much less complicated molecule than 
nuclear DNA, both in structural complexity and in genetic content. 

ehloroplast DNA is circular in form and has a contour length of 50 
)im. There are multiple copies per organelle, ranging from a few to 
over 100, existing in different forms; circular, supercoil circles and cir¬ 
cular dimers (Bedbrook and Rolodner, 1979). Each circle can be div¬ 
ided into four regions, the inverted repeat regions which are separated 
by a small and a large single-copy sequence with only a few exceptions 
(Roller and Delius, 1980). The inverted repeat is usually 20-25 kilo- 
bases (Kb) in length and contains the genes for ribosomal and transfer 
RNAs (Bedbrook and Rolodner, 1979), The single-copy regions contain 
the genes for many ehloroplast proteins and transfer RNAs (Bedbrook 



Fraction-1 Protein and Chloroplast DNA as Genetic Markers 597 

and Kolodner, 1979). Its coding capacity may well exceed 100 poly¬ 
peptides of 4 X 10* d in size; over 90 of them have been recently 
demonstrated (Ellis, 1981). However, only a few polypeptides have 
been identified as the product of chloroplast genes, including the LS of 
RuBPCase (Kung, 1976b, 1977), the 32,000 d thylakoid membrane protein 
(Bedbrook et al., 1978), some subunits of coupling factor (Nelson et al., 

1980), cytochrome f (Doherty and Gray, 1979), some ribosomal proteins 
(Mets and Bogorad, 1972), and a protein associated with function of the 
triazine herbicides (Steinbach et 1981). 


Chloroplast DNA Diversity and Evolution 

Based on a number of biochemical and functional considerations 
cpDNA of higher plants has long been thought to be highly conserved. 
This concept originated from the observations that cpDNA exists in 
multiple copies per chloroplast, contains similar coding information, and 
exhibits uniform physicochemical properties. This view should be reex¬ 
amined in the light of the current evidence. The results obtained from 
restriction enzyme analysis revealed a wide range of variability of 
cpDNA. Tobacco cpDNA exhibits a high degree of diversity while re¬ 
taining similarity for many bands. For instance, the individual restric¬ 
tion pattern is species specific for any given species, while the general 
configuration is characteristic of the genus Nicoticaia (Kung et al., 

1981) . 

Among the many restriction enzymes used, EcoRl produces the larg¬ 
est number of fragments and therefore has the highest resolving power 
to uncover differences. Of the 40 fragments generated by EcoRl 
enzyme, the first 10 are certainly worth noting (Kui^ et al., 1982). 
Fragments 1-3 are stable and present in all 40 Nicotiona species exam¬ 
ined so far. In contrast, fragments 4 and 5 are extremely variable. 
One or both can be altered; one or both may be absent. Thus, a com¬ 
bination of diversity and similarity in fragment pattern forms the basis 
of species specificity and overall identity of tobacco cpDNA (Fig. 7). 

The fragment pattern generated by BaraHl revealed a similar degree 
of diversity of tobacco cpDNA. For example, N. gossei and N. otopho- 
ra epDNAs differ in 13 out of the 27 BamHl bands (Fig. 8). This 
matches the extent of variation in their EcoRl fragments in which 18 
of the 40 bands are different. Therefore, both EcoRl and BamHl can 
be used to accurately measure the degree of diversity in tobacco 
cpDNA. 

Alteration of DNA is the main force of evolution. Judged from the 
wide diversity of tobacco cpDNA, it is evident that there have been 
considerable changes through the course of evolution. It has been 
demonstrated in tobacco that the mechanism of cpDNA alteration in¬ 
volves point mutation, inversion, deletion, duplication, and recombina¬ 
tion (Kung et al., 1981). Point mutations are primarily responsible for 
the observed gain and elimination of many restriction sites. They 
occur rather frequently in relation to other mechanisms and are clus¬ 
tered in one region which can be described as a hot spot (Kung et al., 

1982) . A large insertion involving a segment of about 7 x 10® d has 
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Figure 7. EcoRl restriction fragment pattern of cpDNA showing the 
large number of fragments generated (Kui^ et al., 1981). (1) N. gossei, 
(2) N. tabacum, (3) N. langsdorffii, and (4) N. otophora. 

also been discovered (Shen et al., 1982). Whether this segment, which 
accounts for 7% of the tobacco chloroplast genome, contains any struc¬ 
tural genes is not known. The existence of inverted and tandem re¬ 
peats suggests that there is some cpDNA duplication (Bedbrook and 
Kolodner, 1979). Recombination has also been suggested but only as a 
rare event (Kung et al., 1981). 
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Figure 8. BamHl restriction fragment patterns of cpDNA illustrating 
the species specificity within a common realm of similarity (Kung et 
al., 1981). (A) N. gossei, (B) N. glauca, (C) N. tabacum, (D) N. oto- 
phora, (E) N. sylvestris, (F) N. langiflora, and (G) N. langsdorffU. 

The limited differences in the restriction patterns generated by Sma 
1 provide excellent markers for phylogenetic studies. It is a better 
system than the isoelectric focusing patterns of FI Effotein for identifi¬ 
cation of evolutionary steps in epDNA. By using a sii^le restriction 
en^me, Sma 1, eliminations and sequential gains of recognition sites 
during the course of cEiDNA evolution are clearly demonstrated (Fig. 9). 
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Figure 9. Smal restriction fragment patterns of cpDNA demonstrating 
the gains and eliminations of its restriction sites. The limited differ¬ 
ences of Smal site are very valuable in the study of phylogeny (Kung 
et al., 1982). (A) N. plumbaginifolia, (B) N. langsdorffii, (C) N. 

tabacum, (D) N. otophora, and (E) N. tomentosa. 

Purification and Restriction Analysis of Chloroplast DNA 

Following filtration throx^h one layer of miracloth and centrifugation 
at 1500 X g for 15 min in a GSA rotor, the crude pellets were gently 
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resuspended in isolation buffer and layered onto discontinuous silica sol 
gradients for isopycnic banding of intact ehloroplasts. These gradients 
consisted of four layers of 0.25 M sucrose, 50 mM Tris-HCl (pH 8.0), 5 
mM MgCh, 136 bovine serum albumin, and 10 mM mereaptoethanol con¬ 
taining Ludox AM at 52.6, 36.8, 18.4, and 936 (v/v) for densities of 

1.20, 1.16, 1.11, and 1.08 g/cm^ respectively. Prior purification of Lu¬ 
dox AM by passage over 14 mesh charcoal was not necessary. The 
silica sol gradients were centrifuged at 2,600 x g for 30 min in an HB- 
4 rotor. The resulting chloroplast bands were collected, diluted with 
isolation buffer, and centrifuged at 1,500 x g for 10 min to pellet the 
organelles. Chloroplasts recovered from these gradients were then 
lysed in the presence of 236 sarkosyl, and DNA was isolated as des¬ 
cribed by Kolodner and Tewari (1975). 

The cpDNA can be digested with various restriction enzymes, as dir¬ 
ected by the supplier. In order to achieve a complete digestion of 

cpDNA, it is recommended that 2-3 times more restriction enzymes 

than required be used to digest the same amount of XDNA. At a given 
concentration of cpDNA, each molecule will be cut by a particular re¬ 
striction enzyme at precisely the same sites, yielding as many subsets 
of identical molecular fragments as there are cleavage sites on the ori¬ 
ginal molecule. It is known that cpDNA contains a variable amount of 
restriction sites for different enzymes ranging from 10-40 (Rung et al., 
1982). These subsets of fragments can be conveniently separated from 
one another according to size by gel electrophoresis. Generally, the 
cleaved DNA is placed in a rectangular slot near one end of a slab of 
agarose gel (0.8 or 1.5%). When an electric current.is applied, the 
DNA fragments migrate through the gel toward the positive electrode 
at a rate inversely proportional to the log of their molecular length. 
Each subset of identical fragments forms a narrow band whose position 
can be visualized by staining the gel with a fluorescent dye such as 
ethidium bromide and photographing it under UV light. 

Since the large fragment cannot penetrate the agarose gel or migrate 
very slowly, a low percentage gel should be used. It is a general 
guide that if there are fewer than 15 fragments generated by a given 
restriction enzyme from a higher plant chloroplast genome, then a 0.7- 
0.835 gel is adequate. If the number of fragments are over 25, then a 
1.0-1.536 gel is suitable. The intensity of some bands are higher than 
others because of the existence of multiple copies having a similar or 
identical size. The exact number of copies in such bands can be esti¬ 
mated from the densitometer tracings. 


The Potential and Limitation of Applying Chloroplast DNA as Genetic 
Marker 

Chloroplast DNA is potentially a better genetic marker than FI pro¬ 
tein, at least in the genus of Nicotiana. There are only four groups of 
isoelectric focusing patterns of the LS of FI protein. The restriction 
fragment pattern of Nicotiana cpDNA is almost species specific. 
Therefore, this species specificity can be used as genetic marker to 
identify each species. However, leaves contain only a very small 
amount of cpDNA, and a large quantity of material and tedious work 
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are required to p'epare sufficient amount of sample for any effective 
analysis. Therefore, in some cases, it is not practical to use it as a 
genetic marker. 


CONCLUDING REMARKS 

The existence of easily distinguishable isoelectric focusing patterns of 
the large and small subunits of FI protein makes it a unique genetic 
marker for both chloroplast and nuclear genomes. It has been widely 
used to identify the hybrid nature of plants produced by somatic oeU 
fusion as well as to trace the evolutionary origin of many plant spe¬ 
cies. However, the usefulness is not without limitations. It can be 
used only for leaf tissues that contain chloroplasts. This confines its 
application to the identification of plants derived from protoplast fusion 
and cannot be used as the type of selective marker that is urgently 
needed in somatic cell fusion studies. Moreover, it is a valuable gen¬ 
etic marker ordy in the cases where differences in the large and small 
subunits of FI protein exist. Without such differences its usefulness is 
diminished, which is true in many instances. In the case of Nicotiana 
there are over 60 species, and only four groups of isoelectric focusing 
patterns of the LS of FI protein have been identified. Likewise, the 
degree of variations of LS of FI protein in other genera is even more 
limited. However, this deficiency may be compensated by using cpDNA 
as an additional genetic marker for the chloroplast genome in cases 
where no difference between two LS of FI proteins can be detected. 
It has been demonstrated recently that Nicotiana cpDNAs exhibit a 
high degree of variability in their restriction fragment patterns. The 
limitation for this approach is restricted by the fact that a large quan¬ 
tity of leaf material is required for DNA isolation and purification, and 
the procedure is rather time consuming when compared with the analy¬ 
sis of FI protein. In this chapter the potential and limitations of both 
FI protein and cpDNA as genetic marker are discussed. 
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CHAPTER 18 

Isoenzyme Analysis of Cultured Cells 
and Somatic Hybrids 

L. Wetter and J. Dyck 


Electrophoretic techniques are useful in many protein problems. Ini¬ 
tially it was utilized to assess the electrical complexity of protein mix¬ 
tures and to compare similar protein mixtures from various sources, 
e.g., blood serum from different species of animals, fish, etc. These 
early studies employed very sophisticated equipment and were carried 
out in liquid medium. The development of starch as a stable support 
for electrophoresis (Smithies, 1955) was the forerunner of what has 
turned out to be a very useful technique. This application now allows 
one to study protein mixtures and, by adaptir^ histological methods, 
also to reveal specific proteins, i.e., enzymes or isozymes (Hunter and 
Markert, 1957). Other solid support systems, such as polyacrylamide 
gels and agarose, have been introduced. At the present time very de¬ 
tailed investigations can be carried out utilizing relatively inexpensive 
equipment and materials. 

For isozyme studies one will find that both starch and polyacrylamide 
gels are employed. Polyacrylamide gel electrophoresis (PAGE) can be 
used for many kinds of studies. The electrical properties of proteins 
(enzymes) can be used to obtain mobility values for characterization in¬ 
formation and the cross-linking of the gel can give information on the 
molecular weight. Gels can be prepared to establish a pH-gradient and 
thus yield information on the isoelectric point of proteins. Finally, 
specially treated gels can be used to determine the molecular weight 
of dissociated proteins (constitutive polypeptide chains), although this 
technique is limited in its application. 

Polyacrylamide gel electrophoresis can be employed for a variety of 
applications and situations. In our hands it has proven to be an inval- 
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uable technique for establishing the success of somatic hybridization 
experiments at an early stage (Wetter, 1977). Very small samples are 
required for an assay which is particularly important where supplies are 
limited. A large number of samples can be analyzed on a routine 
basis. The results usually are easy to interpret and assess. The study 
of eeU cultures, as well as callus and various tissues of the complete 
plant, lend themselves well to electrophoretic investigations. 


REVIEW OF THE LITERATURE 

Electrophoretic and isozyme techniques are powerful and useful tools 
in plant investigations. Numerous publications and reports can be 
found on its application; however, only a few will be cited in this 
short review. Several excellent reviews pertaining to higher plants are 
available for background information (Scandalios, 1977; Scandalios and 
Sorenson, 1977). One should be aware that much of the methodology 
and application of gel electrophoresis can be found in the fields of 
medicine and animal biology (Markert, 1975). 

The technique can be employed to determine at a relatively early 
stage whether cell hybridization has been achieved. Wetter (1977) was 
able to show within 2 months after fusion that somatic hybridization 
had taken place between Glycine max (L.) Merr. and Nicotiona glauca 
Grah. (Kao, 1977). Callus tissue from a fusion of Parthenocissus tricus- 
pidata and Petunia hybrtda was assayed for peroxidase and the results 
established that hybridization had been realized (Power et al., 1975). 

The technique has been employed more extensively on plant material 
derived from regenerated plants. The first report of parasexual inter¬ 
specific hybridization of Nicotiona glauca Grah. and Nicotiona langs- 
dorffii Weinm. employed peroxidase isozymes among other characters to 
verify a successful hybridization (Carlson et al., 1972). There are a 
number of other fusions that have been verified by the utilization of 
isozymes and electrophoresis, e.g., Nicotiona rustica L. + Nicotiona 
tabacum L, (Douglas et al., 1981b); Petroselinum hortense Hoffm. + Don- 
cus carota h. (Dudits et al., 1980); Arabidopsis thaliana (L.) Heynh. + 
Brassica campestris L. (Gleba and Hoffman, 1978); interspecific somatic 
hybrids from 9 species of Datura (Lonnendonker and Schieder, 1980); 
Nicotiona tabacum L. + Nicotiona knightiana (Maliga et al., 1978); Nic- 
otiana syivestris + Nicotiona knightiana (Maliga et al., 1977); Nicotiona 
tabacum L. + Nicotiona glauca Grah. (Evans et al., 1980); Petunia par- 
odii + Petunia hybrida (Power et al., 1976); 2 genotypes of Nicotiona 
debneyi (Scowcroft and Larkin, 1981). The isozyme systems employed 
to assess somatically derived hybrid material from plants are listed in 
Table 1. 

nie electrophoretic properties of ribulose-l,5-bisphosphate (RuBP) 
carboxylase, also referred to as Fraction-1 protein, can be used to es¬ 
tablish whether hybridization has been achieved. Since RuBP carboxyl¬ 
ase is only found in green chloroplasts, one must have green plant 
material available to msike this study. The technique, which requires 
the isolation, chemical modification, and isoelectric focusing of RuBP 
carboxylase, was developed by Wildman and his coworkers for investiga- 
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Table 1. Isozyme Systems Studied in Somatically-Derived Hybrid Plants 


ENZYME 

TISSUE 

REFERENCE 

Acid phosphatase 

Cell suspension 

Dudits et al., 1980 

Alanyl aminopeptidase 

Leaf 

Evans et al., 1980 

Alcohol dehydrogenase 

Cell suspension 

Dudits et al., 1980; 


CaUus 

Wetter, 1977 

Gleba et al., 1978; 


Leaf 

Maliga et al., 1977 
Maliga et al., 1978 

Amylase 

Shoots 

Lonnendonker & 

Aspartate aminotrans- 

Cell suspension 

Schieder, 1980 

Dudits et al., 1980; 

ferase 


Wetter, 1977 


Shoots 

Douglas et al., 1981b 


Leaf 

Evans et aL, 1980 

Esterase 

Cell suspension 

Dudits et al., 1980 


Callus 

Gleba et al., 1978; 


Shoots 

Maliga et al., 1977 
Douglas et al., 1981b 


Leaf 

Maliga et al., 1978 

Glucose- 6 -P 04 dehydro- 

Cell suspension 

Dudits et al., 1980 

genase 

Callus 

Maliga et al., 1977 

Lactate dehydrogenase 

Callus 

Gleba & Hoffmann, 

Leucine aminopeptidase 

Cell suspension 

1978 

Dudits et al., 1980 

Malate dehydrogenase 

Cell suspension 

Dudits et al., 1980 


Callus 

Maliga et al., 1977 

Peroxidase 

Cell suspension 

Dudits et al., 1980 


CaUus 

Power et al., 1975; 


Leaf 

Gleba et i., 1978; 
Maliga et al., 1977 
Carlson et al., 1972; 

Phosphodiesterase 

CeU suspension 

Power et al., 1976 
Dudits et al., 1980 


Leaf 

Maliga et al., 1978 

Phosphoglucomutase 

Shoots 

Scowcroft & Larkin, 

Superoxide dismutase 

Shoots 

1981 

Douglas et al., 1981b 


tions on the genus Nicotiana (Wildman et al., 1974). Electrophoretic 
studies of RuBP carboxylase isolated from somatic hybrids of Nicotiana 
rustica and Nicotiana tabacum verified that hybridization had been ob¬ 
tained (Douglas et al., 1981a). Investigations are not limited to Nico¬ 
tiana, as they can be utilized wherever RuBP carboxylase can be iso¬ 
lated. The somatic hybridization products of Solanwn tuberosum L. and 
Lycopersicon esculentum Mill, were identified by using the isoelectric 
focusing patterns of the RuBP carboxylase as phenotypic markers (Mel- 
ohers et al., 1978; Poulsen et al., 1980). 
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A survey of the Solanaceae (Gatenby et al., 1980) shows that this 
methodology could be usefully employed for the identification of nuclear 
genomes in somatic hybrid plants. The isolation and study of RuBP 
carboxylase, isolated from polyploid wheats, has helped in establishing 
their origin (Chen et ai., 1975). 

Isozymes can be employed as effective markers particularly in studies 
on differentiation and genetics. There are several excellent reviews on 
these subjects, on differentiation (Scandalios, 1974, 1977), and on gen¬ 
etics (Jacobs, 1975a,b). A few reports describing the isozyme changes 
that occur in the initial stages of differentiation, i.e., from cells in a 
cell culture to callus and then to plant, can be cited. Thorpe and 
Gaspar (1978) report on the changes in peroxidase isozyme patterns 
that occur when tobacco callus is induced to form shoots. 

Further, studies comparing the isozyme patterns or changes of callus 
and cell suspensions of plants with organized tissue are very limited. 
Such a comparison of peroxidase in Solamm melongena L. demonstrates 
that there are differences (del Grosso and Alicchio, 1981). Compara¬ 
tive studies using a number of isozyme systems on suspension cell cul¬ 
tures of Phaseolus vulgaris derived from different tissues of a single 
seedling also indicate some differences (Arnison and Boll, 1975). 

Isoelectric focusing would appear to have additional value, particu¬ 
larly as an adjunct to conventional electrophoresis. For example, in 
cultured human cells the separation of glucose-6-phosphate dehydrogen¬ 
ase by conventional gel electrophoresis produced relatively simple band¬ 
ing patterns; however, when examined by isoelectric focusing it became 
obvious that there were several isozymes which were useful for further 
identification (Hunter, 1979). A review by Righetti and Glanazza 
(1980) serves as a good starting point. The technique has been widely 
utilized in animal cell culture studies but is only beginning to be 
applied to plant investigations. Isoelectric focusing patterns of ester¬ 
ase and peroxidase in Brassicoraphanus clearly showed that it was a 
hybrid (Kato and Tokumasu, 1979), Isoelectric focusing of esterases 
demonstrated that differences could be detected between haploid green 
plants and mutants of Nicotiana sylvestris Speg. et Comes (Szilagyi and 
Nagy, 1977). A detailed study using isoelectric focusing has been done 
on peroxidase and indole acetic acid oxidase (Hoyle, 1977). 


PROTOCOLS 

Preparation of Extract and Protein Assay 

Many different extraction media are available for proteins. The in¬ 
vestigator may want to experiment with several before settling on one; 
however, one should keep in mind that the recovery of undenatured 
enzymes is essential. For comparative studies, the use of the same 
extraction system throughout is important. We employ the one des¬ 
cribed here because it is simple and effective. 
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Extraction 

1. Select appropriate plant material, e.g., cell suspeision cultures, 
callus, and plant tissue. 

2. The cells (from suspension culture) or callus are collected on Mira- 
cloth, cut to fit a Millipore filter holder (15 ml). 

3. Wash the material exhaustively with mannitol solution (Table 2). 

4. The cells or callus can be extracted in one of several ways, (i) In 
a cold miniature French pressure cell (3.7 ml). The ratio of ex¬ 
traction mixture (Table 2) to plant material is 1 ml to 1 g. The 
pressure is 140 MPa. (ii) In a Polytron homogenizer with a probe 
generator PT 10 ST. One ml is the smallest volume one can grind. 
One drop of n-octanol is employed to inhibit foaming, (iii) In glass 
tissue homogenizers of any convenient size. 

5. The extraction is done at 5 C. 

6. The homogenized tissue is centrifuged at 30,000 x g for 1 hr. The 
extract is stored under N 2 gas at 4 C. 

Table 2. Reagents for Extraction and Protein Assay 


EXTRACTION REAGENTS 

1. Washing solution 

0.16 M mannitol (w/v) 

2. Extraction solution 

1 M sucrose and 0.056 M 2-mercaptoethanol in 0.2 M Tris-HCl' 
buffer, pH8.5 

PROTEIN ASSAY REAGENTS 

1. Precipitation solutions 

2% sodium deoxycholate (w/v) 

2i% trichloroacetic acid (TCA) (w/v) 

2. Color development solutions 

Reagent A Reagent B 

10 parts 10% Na 2 C 03 (w/v) in 1 part phenol reagent (2 N) 
0.5 N NaOH 10 parts distilled water 

0.5 parts 2% potassium tar¬ 
trate (w/v) 

0.5 parts 1% CuS04 x 5H2O (add 
1 drop cone. H2SO4 for every 
100 ml) 


Protein Assay 

The protein assay is based on a precipitation step (Bensadoun and 
Weinstein, 1976) and a modification of the Lowry method (Miller, 1959). 
The precipitation step is very important, as it removes the protein 
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from the materials that interfere with the subsequent color development 
step. 


Protein Precipitation 

1. Place sample (10-50 m 1> depending on protein content) in 15 ml 
conical centrifuge tube. 

2. Add in order 3 ml of distilled water and 25 jd deoxycholate solu¬ 
tion (Table 2). 

3. Shake well and let stand for 15 min. 

4. Add 1 ml TCA solution (Table 2). 

5. Stir well and centrifuge for 30 min at 1300 x g. A centrifuge with 
a horizontal head is recommended. 

6. Pour off supernatant and let drain. 


Color Development 

1. Add 1 ml of Reagent A (Table 2) to tube containing precipitate. 
Mix well; vortex mixer is recommended. 

2. After dissolution of precipitate add 3 ml of Reagent B (Table 2) 
and heat at 50 C for 15 min. 

3. Cool, transfer to suitable cuvettes, and read at 625 nm in a spec¬ 
trophotometer. 

4. Compare readings to a calibration curve prepared from crystalline 
bovine serum albumin. 


Conventional Polyacrylamide Gel Electrophoresis 

One buffer system is described in detail in this chapter. A survey of 
the literature win reveal a number of variations; however, the most 
frequently used is the alkaline buffer system described by Davis (1964). 
If an acidic buffer system is desired, one can use the one described by 
Reisfeld et al. (1962). As for apparatus we employ cylindrical or, pre¬ 
ferably, slab gel formers. We use a Bio-Rad Model 220 slab electropho¬ 
resis cell. Hie size and type of gel electrophoresis equipment depends 
on the researcher, as many different models are available commercially. 
For the power supply we recommend one that can be operated at one 
of three regulation modes: constant current, constant voltage, or con¬ 
stant power. Again, there are several different commercial suppliers. 


Preparation of Gels 

1. Select two clean glass plates, 140 mm x 120 mm x 1.5 mm. A 
slab gel will be cast between the plates. The quantities of re¬ 
agent specified below are for this size slab. The assembly of 
plates for gel casting are usually with the electroi^ioresis unit. 
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2. Prepare a 5* separating gel by mixing together, 3.0 ml of Solution 
1 (all solutions used in this section are described in Table 3), 4.0 
ml of Solution 6, and 5.0 ml of distilled water. 

3. Degas with water aspirator for 1 min and then add 12 ml of Solu¬ 
tion 7. 

4. Pour the slab immediately, filling to the desired height, approxi¬ 
mately 100 mm. Quickly push the gel-forming plate into position 
above the gel so that no bubbles are trapped between it and the 
gel. Overlay with water by carefully pouring water into tray 
above the gel. Do not disturb the gel surface. Let stand for at 
least 1 hr before adding the stacking gel. 

5. The stacking gel is prepared by mixii^ 0.75 ml of Solution 2, 1.5 
ml of Solution 3, 3.0 ml of Solution 5, and 0.75 ml of Solution 4. 
Degas as above for 1 min. 

6. Pour off the water above the separation gel and remove the last 
trace with filter paper strips. Add stacking gel solution to the 
top of the separation gel and insert the well-forming comb. Over¬ 
lay immediately with water by gently pouring water into tray 
above gel. 

7. Place gel slab before a fluorescent light source (within 8 cm) to 
polymerize the stacking gel and leave for 1 hr. 

Table 3. Solutions Required for Gel Electrophoresis at pH 8.9 


SOLUTION INGREDIENTS® 


1 36.6 g Tris, 0.23 ml TEMED, 48 ml of 1 N HCl made up 

to 100 ml of solution 

2 5.7 g Tris, 0.08 ml of TEMED, add enough H 3 PO 4 to bring 

pH to 6.9 in 100 ml of solution 

3 10 g acrylamide, 2.5 g Bis in 100 ml of solution 

4 4 mg riboflavin in 100 ml of solution (stable for 2 weeks) 

5 40 g sucrose or glycerol in 100 ml of solution 

6 30 g acrylamide, 0.74 g Bis in 100 ml of solution 

7 140 mg ammonium persulfate in 100 ml of solution (stable 

for 1 week in a brown bottle) 

8 6.0 Tris, 28.8 g glycine in 1 liter of solution 

“All solutions except 8 are stored in the refrigerator. All solutions 
are made up to volume with distilled water. Abbreviations: Tris = 
tris (hydroxymethyl) aminomethane; TEMED = N,N,N',N'-tetramethylene- 
diamine; Bis = N,N'-methylenebisaerylamide. 


Electroi^ioresis of Samples 

!• Just prior to electrophoresis of the samples, the well-forming comb 
is carefully removed so as not to disturb the sample wells. The 
water is then poured off. Wash the sample wells thoroughly with 
electrode buffer (see below), best done by employing a syringe. 
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2. Add electrode buffer, Solution 8 diluted by one-tenth, to correct 
levels in both the anode and cathode compartments of the electro¬ 
phoresis cell. 

3. Add approximately 1 jil of bromphenol blue (0.5% (w/v) in water) 
to 100 111 of laotein extract. 

4. Place the pfotein extract (usually 100 id px'otein} at the bottom of 
the well under the upper tray buffer. The sample is best applied 
with a Hamilton syringe. 

5. The electrophoresis unit is now attached to a circulating cooling 
bath (4 C) for the duration of the run. 

6. The power supply is connected and turned on, 0.5 mA of current is 
passed through the slab gel for approximately 1 hr. The power is 
increased to 10 watts (constant power) and the electrophoresis run 
is continued until the bromphenol blue has moved to within 1 cm 
of the bottom of the slab (usually about 90 min). 

7. Turn off power. Remove the gel from the glass plates. Remove 
the stacking gel from the separating gel with a spatula and mark 
the gel by notching upper right hand corner. 

8. The position of the bromphenol blue often can be seen after the 
gel is dried. However, if the dye fades its position can be identi¬ 
fied by carefully trimming the gel at that point. 

9. The gel is then transferred to a tray containing the apfffOf»iate 
staining solution. Disposable vinyl examination gloves should be 
worn whenever the gel is touched with the hands. 


Staining Gels 

1. The isozyme stains that are routinely employed in our laboratory 
are listed along with their composition in Table 4.. 

2. The gels are placed in the staining solution, which consists of sub¬ 
strate, cofactors, and dye, until the bands appear. This can vary 
from 10 to 90 min or more. Aminopeptidase is an exception, as in 
this case the gel is incubated at 37 C for 30 min in substrate 
(Solution A), then stained in Solution B. 

3. When the staining is judged to be complete, the solution is discar¬ 
ded and the gel is rinsed and stored in 1% acetic acid (v/v). inie 
exceptions are aminopeptidase and aspartate aminotransferase which 
are stored in water. 

4. Protein is detected by staining the gel for 90 min in a 3.5% (w/v) 
perchloric acid solution containing 0.04% (w/v) Coomassie Blue 
G-250. The gel is destained overni^t in at least two changes of 
the following solution: 100 ml ethyl acetate, 70 ml ethyl alcohol, 
50 ml acetic acid, and 780 ml of distilled water. 

Gel Preservation and Records 

1, After staining, the gels are photographed against a frosted glass 
light box. A permanent record is then kept on 35 mm black and 
white n^atives, from which a photographic record can be obtained 
for publication. 
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Table 4. Some General Stains Employed for the Detection of Isozymes 
on Gels 


ENZYME 

STAIN INGREDIENTS 

QUANTITY OF 
INGREDIENT 

Dehydrogenases; 

NAD or NADP 

40 mg 

Solution A 

Phenazine methosuifate 

1 mg 


Nitro blue tetrazolium 

20 mg 


0.1 M Tris buffer, pH8.5 

46 ml 

Dehydrogenases; 

One M substrate in 0.1 M Tris 


Solution B 

buffer, pH 8.5 (for the more 
expensive substrates 0.1 M 
substrate is adequate). Im¬ 
mediately before stainir^ add 

4 ml of solution B to 46 ml of 
solution A. 


Esterase 

o-Naphthyl acetate 

20 mg 


Acetone 

Dissolve 

0.5 ml 


Water 

0.5 ml 


0.2 M phosphate buffer, pH 6.0 
Filter 

50 ml 


Fast Blue RR salt 

38 mg 

Aminopeptidase; 

L-Alanyl-^naphthylamide 

25 mg 

Solution A 

N,N-dimethyl formamide 

Dissolve 

1 ml 


0.2 M acetate buffer, pH 4.8 

50 ml 

Aminopeptidase; 

Fast Garnet GBC salt 

100 mg 

Solution B 

0.2 acetate buffer, pH 4.8 

50 ml 

Aspartate amino- 

Pyridoxal-5'-phosphate 

0.5 mg 

transferase^ 

Bovine serum albumin 

50 mg 


L-Aspartic acid 

200 mg 


ee-Ketoglutarate 

32 mg 


Polyvinylpyrrolidone (M.W. 40,000) 

1.12 g 


0.2 M phosphate buffer, pH 7.5 
Adjust pH to 7.4 if necessary, 
^ior to staining, add following 
to above 

41 ml 


Fast Violet B salt 

68 mg 


Water 

9 ml 

Peroxidase 

o-Dianisidine 

49 mg 


p-Naphthol 

29 mg 


Acetone 

20 ml 


0.1 M Tris-acetate buffer, pH 4.0 

10 ml 


Water 

50 ml 


326 Hydrogen peroxide 

1 ml 

Acid phosphatase 

Water 

to 100 ml 

o-Naphthyl acid phosphate sodium 
salt 

50 mg 
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Table 4. Cent. 




QUANTITY OF 

ENZYME 

STAIN INGREDIENTS 

INGREDIENT 

Acid phosphatase 

Fast Garnet GBC salt 

50 mg 

1.0 M acetate buffer, pH 4.8 

50 ml 


3 Recently a more sensitive method for detecting this enzyme has been 
proposed. In our hands it works very well; however, the substrate is 
L-cystine sidfinate and not L-aspartate (Yagi et al., 1981). 


2. One can also calculate relative mobilities from the wet gel by cal¬ 
culating the ratio of the distance the band has moved to the dis¬ 
tance the bromphenol blue has moved. 

3. The gel can be preserved by drying it on a commercial gel slab 
drier. We use a Bio-Rad Model 224 dryer. The instructions on 
how to use it come with the dryer. 

The procedure outlined here applies to our particular situation. We 
employ a vertical slab electrophoresis assembly; however, there is no 
reason why a horizontal slab assembly or a cylindrical unit cannot be 
employed. Many parameters can be varied and should always be con¬ 
sidered in any study. For example, the size and thickness of the slab 
can be modified or the composition of the separating gel can be 
changed from 5 to 1295. The stacking gel is employed by us because it 
results in sharper bands and superior separation. 

The protein samples are usually added as a solution, but samples can 
also be added to filter paper and then inserted into the well for elec¬ 
trophoresis. Recently we have demonstrated that 5-10 mg pieces of 
tissue, e.g., leaves, can be crushed between buffer-soaked filter paper 
and then employed for gel isozyme studies. We are now using this 
technique for the study of isozymes in Hordeum vulgare L. 

The isozyme staining solutions are usually modeled on histological 
staining techniques. We have listed only a few enzymes in Table 4 but 
many more can be investigated. For a list, one should consult Scanda- 
lios (1974) and Scandalios and Sorenson (1977). Although the methods 
are well standardized, one should always be on the lookout for im¬ 
provements to existing methods. A case in point is aspartate amino¬ 
transferase; recently a much improved method has been proposed which 
is more sensitive and permanent (Yagi et al., 1981). 


Isoelectric Focusing of Ribulo8e-1,5-Bisphosphate Carboxylase 

The utilization of this technique is dependent on the availability of 
green tissue from which the carboxylase can be isolated, subjected to 
isoelectric focusing, and then used to identify hybrids by studying the 
patterns of the large and small subunits. The methodology employed 
here is based on those developed by WUdman and his coworkers (Kung 
et al., 1974). The equipment is the same as that described for conven¬ 
tional electrophoresis. 
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Preparation of Leaf Extracts 

1. Collect 0.5 g of healthy green leaves, rinse well in distilled water. 

2. The leaves are cut into small pieces and placed in a glass conical- 
tipped tissue grinder. 

3. To the grinder add 1.3 ml of extraction reagent (see Table 5). 
Grind for at least 3 min keeping the temperature at 4 C. 

4. Centrifuge sample at 8000 x g for 15 min, then transfer supernat¬ 
ant to 15 ml heavy-walled conical tubes. 


Precipitation of RuBP Carboxylase 

1. To a 15 ml conical-tipped tube containing approximately 1 ml of 
leaf extract add 0.3 ml of anti-RuBP carboxylase serum. This ratio 
of extract to antiserum gives a satisfactory yield of precipitate for 
Nicotiana tobacumj however, a preliminary test should be done to 
ascertain the best ratio for ^o'ecipitation in other systems. 

2. Stir the mixture gently and then incubate for several hours at 37 
C. It is durii^ this time that the insoluble RuBF carboxylase-anti¬ 
body complex usually forms. The incubation is continued at 4 C 
overnight. 

3. Next morning the precipitate is collected as a pellet after centrifu¬ 
gation at 3000 X g for 15 min in a centrifuge with a horizontal 
head. 

4. Pour off the supernatant and discard. Let the precipitate drain for 
several minutes. Suspend precipitate in 1 ml of cold borate-saline 
buffer (see Table 5). Centrifuge as described above. 

5. Repeat step 4. 

6. Let precipitate drain well. The tube containing the precipitate is 
immediately flushed with N 2 gas, after which it is sealed with a 
rubber serum stopper. Proceed onto the next step immediately. 

Carboxymethylation of Protein Complex 

1. The precipitate is dissolved in 0.12 ml of Tris-urea buffer (Table 5) 
containing 5 mg dithiothreitol (Cleland^ reagent). It is important 
to add this reagent and all subsequent reagents with a hypodermic 
syringe through the serum stopper. 

2. Let mixture stand at room temperature for 2 hr. 

3. Wrap the tube in aluminum foil to keep out the light. 

4. The carboxymethylated mixture is now passed through a small Seph- 
adex G-25 (medium grade) column (for preparation see 6 below). 
The protein is eluted with Tris-EDTA buffer (Table 5). 

5. The elute from the column is closely monitored for protein by test¬ 
ing with trichloroacetic acid (w/v). When protein appears, a 
0.7 ml sample is collected for isoelectric focusing. 

6. Preparation of Sephadex G-25 is carried out as follows: 4 g are 
equilibrated in degassed distilled water in the refrigerator over¬ 
night or in a boiling water-bath for 1 hr. The column is poured 
and equilibrated with Tris-EDTA buffer. This amount will make 
three 5 ml columns. We employ Mohr 5 ml pipettes for columns. 
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Table 5. Composition of Solutions Bequired for Preparation of KuBP 
Carboxylase for Isoelectric Focusing 


Extraction Reagent (from Gray and Wildman, 1976) 

0.05 M Tris 0,01 M sodium metabisulfite 

0.10 M NaCl 0.1% bovine serum albumin 

0.001 M KCN Dowex-1, 200 mg per 0.5 g leaf 

Adjust the pH to 7.8 

Borate-Saline Buffer 

0.0025 M Borax (Na 2 B 407 x IOH 2 O) 

0.04 M Boric acid 
0.12 M NaCl 
Adjust to pH 7.3 

Tris-Urea Buffer 
0.5 M Tris-HCl 
8.0 M Urea 
0.001 M EDTA 
Adjust pH to 8.5 

Tris-EDTA Buffer 
0.5 M Tris-HCl 
0.001 M EDTA 
Adjust pH to 8.5 


Isoelectric Focusing 

1. Prepare the 5.25% polyacrylamide gel by dissolving 25 mg of ammo¬ 
nium persulfate in 25 ml of Solution 2 (Table 6), then add 25 m 1 of 
TEMED and 1.25 ml of mixed Ampholines (i.e., 0,25 ml of pH 3-10 
and 1.00 ml of pH 4-6). Then 3.75 ml of Solution 1 (Table 6) is 
degassed and added to the urea solution. Mix and pour immediate¬ 
ly into a slab. Place the well-forming comb in position and care¬ 
fully cover the top of the gel with distilled water. Let stand for 
at least 1 hr to gel. 

2. When gel is to be used, the distilled water is poured off and the 

comb is removed. The wells are washed with water and filled 

with sucrose-Ampholine solution (Table 6). 

3. The electrode solutions are now added. In our apparatus care 
must be taken not to disturb the sucrose-Ampholine solution in the 
wells when adding the catholyte. 

4. Add sufficient urea to the protein sample to make it 8 M, then 

transfer samples (approximately 20 id) to the well, placing them 

below the sucrose-Ampholine solution. 

5. The focusing run is performed at 4 C using the following electrical 

conditions: 1 hr at 1 watt, 2 hr at 2.5 watts, and finaUy 2 hr at 
4.5 watts. Care should be taken that during the last 2 hr the 

voltage does not exceed 800 volts. If it does, set the power sup¬ 
ply at a constant voltage of 800. 
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6. After 5 hr the power is switched off. The gel is marked by notch¬ 
ing the upper right hand corner. A pH profile can be obtained in 
one of two ways, either by using a specially designed micro-elec¬ 
trode or by removing a 1 cm wide strip (top to bottom) from gel 
and cuttii^ into 0.5 cm segments. Each segment is equilibrated in 
1 ml of 0.1 M NaCl after which the pH is determined. 

7. The gel is stained for protein in Coomassie Blue G-250 exactly as 
described earlier for conventional electrophoresis. 

8. The recording of results is the same as that employed in the previ¬ 
ous protocol. 


Table 6. Solutions for Isoelectric Focusii^ 


SOLUTION 

INGREDIENTS 

1 

4236 acrylamide and 0.8% Bis (w/v) made up in 
distilled water 

2 

10 M urea (ultrapure) freshly prepared in degassed 
distilled water 

Sucrose-Ampholine 

50 mg sucrose and 0,05 ml pH 3-10 Ampholine per 
ml of solution 

Electrode 

The catholyte is 0.4% triethanolamine; the ano- 
lyte is 0.01 M glutamic acid 


The initial extraction of the leaves could lead to some serious prob¬ 
lems. The yield of RuBP carboxylase could be very low if the extrac¬ 
tion mixture is inadequate. Some extraction reagents will not permit 
the precipitation of the protein complex. Finally, the leaf extract 
could become very dark in color, because of the action of polyphenol 
oxidases, yielding a very dark precipitate that results in isoelectric 
focusing patterns that are very difficult to interpret because of variant 
bands. After trying a number of extraction mixtures we prefer the one 
described here (Table 5). 

The direct precipitation method described here is basically the one 
developed by Uchimiya et al. (1979). The anti-RuBP carboxylase serum 
is obtained by immunizii^ rabbits to crystalline RuBP carboxylase ob¬ 
tained from healthy ti.e., TMV-free) Nicotima tabacixm. We employed a 
method described by Lowe (1977) for the crystallization of the enzyme. 
The antiserum to the enzyme was prepared by the method described by 
Gray and WUdman (1976). The specificity of the antibody-carboxylase 
appears to be very broad and therefore can be employed to isolate the 
carboxylase from a wide source of green plant material (Chen et al., 
1975, 1976). It is important to centrifuge in conical tubes and in a 
horizontal head in order to obtain a well-packed peUet of protein in 
the bottom of the tube. 

The carboxymethylation step is straightforward, but the following 
precautions should be observed. It is important to exclude O 2 during 
the operation, and therefore, the N 2 gas flush is essential. The preci¬ 
pitate must be dissolved in the Tris-urea buffer immediately, as any 
drying of the precipitate makes its solution extremely diffieiflt. The 
urea employed in this assay must be highly purified, as urea can often 
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be contaminated with appreciable concentrations of eyanate ions. This 
will lead to earbamyl derivatives of protein and thus produce extrane¬ 
ous bands. Because of this contamination with eyanate ion it is impor¬ 
tant to complete this assay as quickly as possible, i.e., within days. 


Polyacrylamide Gel Isoelectric Focusing of Isozymes 

The combination of isoelectric focusing on polyacrylamide gels and 
enzyme recognition by histological stains does not appear to be gener¬ 
ally used, particularly in plant studies. In some investigations much 
sharper separation can be achieved by isoelectric focusing than by con¬ 
ventional electrophoresis. This is illustrated by a study conducted on 
glucose-6-phosphate dehydrogenase obtained from cultured human cells 
(Hunter, 1979). 

The equipment employed is the same as for conventional polyacrylam¬ 
ide electrophoresis. 


Preparation of Extracts and Protein Assay 

These gmocedures are identical to those described for conventional 
gel electrophoresis. 


Preparation of Gels 

1. A 635 polyacrylamide gel is £»epared by diluting 4.3 nil of Solution 
1 (Table 6) with 20.7 ml of distilled water. This solution is de¬ 
gassed. To this mixture add the Ampholine which consists of 0.25 
ml of wide range pH 3-10 and 1.0 ml of an applicable narrow pH 
range Ampholine and 3.75 ml of Solution 4 (Table 3). Finally add 
25 (d of TEMED. 

2. Pour the gel immediately; insert the well-forming comb and overlay¬ 
er completely with distilled water to exclude air. The gel is then 
photopolyraerized under a fluorescent lamp, usually overnight or 
until completely gelled. 

3. In preparation for electrophoresis the water is removed and the 
wells are flushed before filling with sucrose-Ampholine solution 
(Table 6). The protein samples are then placed at the bottom of 
the weU below the sucrose-Ampholine solution. 

4. The electrode chambers are filled with the appropriate solution 
(Table 6), triethanolemine in the cathode chamber, and glutamic 
acid in the anode chamber. The electrical conditions were the 
same as th(»e described for the isoelectric focusing of RuBP car¬ 
boxylase. 


Staining of Gels 

1. After the run has been completed the gel is removed, rinsed in dis¬ 
tilled water, and incubated in the apps'opriate enzyme buffer (there 
is no substrate in this solution) for 30 min with gentle shaking. 
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2. The gel is then placed in the staining solution and the patterns 
developed as previously described. The composition of the various 
staining solutions are given in Table 4. 

3. The pH profile of the gel and its t^eservation have been described 
previously. 

Isoelectric focused gels are usually developed with Coomassie Blue to 
visualize the proteins; however, the intent here is to identify the vari¬ 
ous enzyme systems. To do this it is important to remove the Amphol- 
ines, thereby changing the pH environment to that which will give an 
optimal enzyme reaction. This is done by equilibrating the gel with 
the buffer employed in the staining mixture; usually 30 min is suffici¬ 
ent. 


SDSr-Polyacrylamide Gel Electrophoresis 

Sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis is 
employed to separate and estimate the molecular weight of constituent 
polypeptide chains (subunits) of proteins. For basic information the re¬ 
searcher is referred to tv;o excellent papers (Laemmli, 1970; Weber and 
Osborn, 1975). This technique has been employed to determine the 
molecular weight of the two subunits derived from the enzyme, ribu- 
lose-l,5-bisphosphate carboxylase in Nicotiana (Douglas et al., 1981a). 

Once again the technique is performed on standard gel electrophore¬ 
sis equipment. 


Preparation of Extracts 

1. Protein samples are extracted and prepared in the usual manner, as 
has already been described. 

2. Just prior to electrophoresis 100 ul of protein extract is mixed 
with an equal volume of dissociation medium (Solution 1, see Table 
7) to which 7.7 mg of dithiothreitol is added. Heat in a boiling 
water bath for one and a half min. For an assay approximately 
20-30 Mg of protein is used. 


Preparation of Gel 

1. The running gel is prepared by dissolving 3.8 g of acrylamide and 
76 mg of Bis in 21.4 ml of distilled water. Then add 9.7 ml of 
buffer (Solution 2, Table 7), 0.15 ml ammonium persulfate (Solution 
5, Table 7), 0.39 ml SDS (Solution 6, Table 7), and finally 30 m 1 
of TEMED. 

2. The gel slab is poured immediately to the desired height (approxi¬ 
mately 3 cm from top), the gel-forming plate positioned on top 
and covered with overlay solution. This solution consists of 5 ml 
of Solution 2 (Table 7), 15 ml distilled water, and 0.2 ml Solution 
6 (Table 7). 

Allow at least 1 hr for gel to set. 


3. 
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4. The stacking gel is prepared and poured just prior to the experi¬ 
ment. It is prepared by dissolving 0.51 g acrylamide and 0.12 g 
Bis in 10.1 ml of distilled water. To this mixture add 3.75 ml 
Solution 3 (Table 7), 0.18 ml of Solution 5 (Table 7), 0.20 ml of 
Solution 6 (Table 7), and 15 pi of TEMED. 

5. Remove the overlay solution from top of running gel and wash 
thoroi^hly with distilled water, then dry gel surface with filter 
paper. Ilie stackir^ gel is added to the appropriate level. In¬ 
sert the well-forming comb into the stacking gel and cover with 
electrode buffer (Solution 7, Table 7). Allow 20-30 min to gel, 
slowly remove the comb, and fill weUs with electrode buffer. 

6. Add the specially prepared protein samples to the well. Every 
run must include a molecular weight standard (these can be pur¬ 
chased) foe comparison purposes. The standard protein is pre¬ 
pared exactly as the unknown, i.e., in the dissociation medium 
(Solution 1, Table 7). 

7. Run the gel at 50 ma constant current until the voltage reaches 
200 V, then continue run at 200 V constant voltage until the dye 
front approaches the bottom of gel (about 5 hr). The run is per¬ 
formed at 15 C; otherwise the SDS precipitates. 

8. When run is completed, shut off power and disassemble apparatus. 
Mark one corner of gel for orientation purposes. 

9. Transfer gel to Solution 8 (Table 7) for at least 1 hr at 50 C. 
The gel can remain in this solution overnight without harmful 
effects. Remove the staining solution and rinse several times at 
room temperature with Solution 9 (Table 7). The gel is finally 
destained at 50 C against several changes of Solution 10 (Table 
7). 

10. The molecular we^ht of unknown protein bands is determined by 
comparing with the standards. A standard curve is obtained by 
plotting RfS versus molecular weight of standard proteins on semi- 
logarithmic paper, as described by Weber and Osborn (1975). 

11, The gel can be preserved by drying, and a photographic record 
should be kept. 

The SDS technique is straightforward and simple. Protein standards 
must be run in conjunction with the unknown samples in every experi¬ 
ment. It is the standards that serve as markers to which protein 
bands in the unknown sample can be compared. One must also keep in 
mind that the protein is a dissociation product and not one in its na¬ 
tive state. This is one reason why this method cannot be employed to 
look at isozymes except on rare occasions when the dissociated molec¬ 
ule can be renatured and then assessed. 


FUTURE PROSPECTS 

The utilization of solid-support electrophoresis, whether it is conven¬ 
tional, isoelectric focusing, or SDS electrophoresis, has a great poten¬ 
tial in plant cell and tissue culture investigations. The equipment is 
relatively inexpensive, and easy to operate and maintain. The tech* 
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Table 7. Solutions for SDS-Polyaerylamide Gel Electrophoresis 


SOLUTION 

INGREDIENTS 

1 

To 15.5 ml of distilled water add 1.0 ml of 1.5 Tris 
(Solution 2); then add 5.0 ml 10S6 SDS (Solution 6), 2.5 
g FicoU, 0.5 ml 0.1 M Na 2 EDTA, and 100 |il 1.0S5 
bromphenol blue 

2 

Dissolve 18.15 g Tris in distilled water and adjusted to 
pH 8.8 by adding 2.6 ml concentrated HQ; make up 
to 100 ml 

3 

Dissolve 60.6 g Tris in distilled water and adjusted to 
pH 6.8 with 1 M HCl; make up to 100 ml 

4 

Dissolve 60.6 g Tris and 285 g glycine in distilled water 
to 2 liter; filter 

Ammonium persulfate, 10^ (w/v) (make up fresh) 

5 

6 

SDS (sodium dodecyl sulfate), 10* (w/v) 

7 

To 200 ml of Solution 4 add 10 ml of Solution 6 and 1.0 
ml mercaptopropionic acid; dilute to 1 liter with dis¬ 
tilled water 

8 

Dissolve 1 g of Coomassie Blue R 250 in 455 ml of 
methanol and 90 ml glacial acetic acid; make up to 1 
liter with distilled water; filter 

9 

To 500 ml of methanol add 100 ml glacial acetic acid 
and 500 ml distilled water 

10 

Acetic acid, 7* (v/v) 


niques can be learned quickly and are adaptable to the screening of 
large numbers of samples. What is perhaps more important to the plant 
cell culturist is that investigations can be carried out on small quanti¬ 
ties of tissue. Sample sizes of a few milligrams can yield usable re¬ 
sults. 

Most of the studies to date have been carried out on only a few iso¬ 
zyme systems, most frequently the peroxidase system. It is question¬ 
able whether this is the most desirable system to employ because of its 
susceptibility to subtle environmental changes, which leads to a great 
deal of variation. Thus it would seem advisable to consider other en¬ 
zyme systems. Some of these are aspartate aminotransferase, esterase, 
a few dehydrogenases, and acid phosphatase which give excellent re¬ 
sults. Other enzyme systems should be surveyed with a view to identi¬ 
fying those that reflect more accurately the genetic make-up of the 
cell and not the environmental changes. It is imperative to remember 
that when investigating hybrids, enzyme systems that give distinctly 
different patterns for each parent must be used. 

Since enzymes are concerned with fundamental life processes and are 
products of gene expression, techniques associated with enzymes should 
a useful measure of what is happening in plant cells and the effect 
of their environment. Several areas come to mind in which electropho¬ 
retic techniques might be employed to advantage. For example, the 
changes that might occur in isozyme patterns or specific enzyme mark¬ 
ers with the initiation of differentiation, i.e., from nondifferentiated 
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eeU to callus to shoot or root. M^ht one employ this technique to 
predict the beginning of embryo formation? What changes take place 
in a meristem tip as it begins its grovrth? What happens in proto^asts 
as they begin to produce a cell wall and are cultured as a suspension? 
The synthesis of ribulose-l,5-bisphosphate carboxylase in tobacco proto¬ 
plasts (Fleck et al., 1979) is an attempt at answering the last question. 

More information is required as to how effectively electrophoretic 
results that are obtained in cell and callus cultures can be transferred 
to the whole plant situation and vice versa. There is evidence that 
the basic isozyme pattern is retained (Khavkin and Sukhorzhevskaia, 
1979), but there also is evidence that would suggest that this is not 
the case (Arnison and Boll, 1975). 

Most of the enzyme systems employed in isozyme studies of plants 
are those found in all living cells. A real need exists to search for 
and investigate enzyme systems that are unique to plants. Some are 
already being investigated, e.g., ribulose-l,5-bisphosphate carboxylase 
(Chen et al,, 1976). The identification of unique plant enzymes is par¬ 
ticularly applicable in the field of secondary product production in 
plant cell cultures. At the present time the end (or desired) product 
is the only marker one can employ, and very frequently its identifica¬ 
tion requires very expensive and sophisticated equipment. The identifi¬ 
cation of the enzyme and its adaptation to the isoenzyme electrophore¬ 
tic technique could be an invaluable aid to these investigations. 

Recent reports suggest that electrophoretic techniques could be use¬ 
fully employed in the study of stress. Protein synthesis patterns 
change dramatically when soybean seedlings are subjected to heat 
stress (Key et al., 1981). The same observation was made when soy¬ 
bean and tobacco suspension cultures were heat stressed (Barnett et 
al,, 1980). These changes were followed by employing the SDS electro¬ 
phoresis technique. These results suggest that electrophoretic tech¬ 
niques could be used to study and assess a whole veuriety of stresses, 
for example, cold, salt, and chemical stress as well as stress initiated 
by plant diseases. This would appear to be an exciting prospect. 

Can existing methodology be modified or adapted in such a manner 
that more information can be obtained in the investigations of plant 
tissue cultures? There would appear to be several. One intriguing 
possibility arises out of the two-dimensional electrophoresis concept de¬ 
signed to fingerprint the proteins of an organism (O’FarreU, 1975). In 
this technique, isoelectric focusing is performed in the first dimension 
and SDS electrophoresis in the second. We propose the following modi¬ 
fication: isoelectric focusing in the first dimension but conventional 

electrophoresis in the second. One could now stain for specific en¬ 
zymes and thus obtain a two-dimensional fingerprint of isozymes. In 
some preliminary experiments we have found it works very well for 
esterases. The second area of investigation, arising out of the one just 
discussed, relates to the utilization of isoelectric focusing for separa¬ 
tion and the subsequent staining for specific enzymes. Several areas 
require investigations. How seriously do Ampholines interfere with 
enzyme reactioim and their staining? Do Ampholines complex with co- 
factors? How can these compounds be removed from the gel? Finally> 
what enzyme systems can be studied by this technique? 
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We certainly have by no means exhausted or even attempted to 
cover the areas where the electrophoretic technique could aid plant 
tissue eulturists in their investigations. We hope we have pointed out 
the possibilities and that this chapter will encourage them to utilize 
this technique. 
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CHAPTER 19 

DNA Replication in Cultured 
Plant Cells 

D. Cress 


The major experimental advances leading to our understanding of the 
basic mechanics, enzymology, and regulation of the replication of DNA 
have come primarily from investigations on the prokaryotic chromosome 
and bacterial viruses and plasmids. There are several reasons for the 
success of these systems. 

First, bacterial plasmids, viruses, and even the bacterial chromosome 
all are units of structural simplicity. Initiation of replication occurs 
usually at one site on the circular molecule. Bidirectional propagation 
of the replication forks usually follows until the forks join at termina¬ 
tion, and the semiconservatively replicated daughter DNA ^ molecules 
separate after completion of replication. The replication unit and the 
segregation unit are identical. 

Second, these genomes are also units of genetic simplicity. They ^e 
normally haploid, facilitating isolation of recessive mutants; are manip- 
ulable in large numbers; have extremely short generation times; and are 
subject to genetic analysis as a consequence of genetic exchange by 
transduction, conjugation, and transformation. These factors have led 
to the isolation of a large number of mutants altered in replication 
Effoperties, those particularly useful being conditional lethal (tempera¬ 
ture sensitive) for DNA synthesis. The power of the genetic approach 


'Mention of trademark, proprietary product, or vendor does not con¬ 
stitute a guarantee or warranty oi the product by the U.S. Department 
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has been in the identification and analysis of enzymes involved in the 
replication process and in the reconstitution of the replication complex 
by complementation in in vitro DNA synthesis. 

Third, prokaryotes have considerable physiological flexibility. They 
are capable of growth under a variety of experimental conditions and 
can be easily radioactively labeled using nucleic acid precursors, and 
DNA in various stages of replication can be isolated in native form for 
physical analysis. 

The extension of experimental focus to DNA replication in eukaryotes 
came in the 1960s subsequent to the development of tissue culture 
methods for mammalian cells. Such methods permitted for the first 
time quantitative physiological studies on the replication of DNA of 
higher organisms. It was quickly apparent that DNA replication in 
eukaryotes was substantially more complex than in prokaryotes. Such a 
discovery should come as no surprise in view of the substantial differ¬ 
ences in the organization of the genetic material and the multicellular 
environment of the eukaryotic cell (Hand, 1978). 

First, the genome of eukaryotes is several orders of magnitude larger 
than in prokaryotes, typically around 10“ base pairs (bp) in total 
length. If such DNA from a sir^le cell were organized as one continu¬ 
ous chromosome, it would extend to over 1 meter in length. If this 
DNA were contained within a single replication unit, or replicon as 
termed by Jacob et al. (1963), it would require weeks for complete 
replication of the molecule, even at the fastest known rates of replica¬ 
tion fork movement. The discoveries that replication is initiated at 
different relative times on the eukaryotic chromosome (Taylor, I960) 
and that there are multiple sites for initiation of replication (Cairns, 
1966; Huberman and Riggs, 1968) explain how such a large genome 
could be replicated in sufficient time to permit observed rates of cell 
division and growth. The complexity of the process of initiation and 
replication at multiple sites on multiple chromosomes immediately sug¬ 
gests additional levels of control or regulation not apparent in prokary¬ 
otes. 

Second, the chromosomes of eukaryotes are replicated durir® a de¬ 
fined period of the cell division cycle, the S phase of interphase (How¬ 
ard and Pelc, 1953). The control of entry of a cell into this phase 
constitutes a major regulatory point for commitment to cellular division 
as the consequence of the duplication of the cell's genetic material. 

Third, a substantial portion of the eukaryotic genome (30-70*) con¬ 
sists of DNA sequences that are repeated from several hundred to sev¬ 
eral hundred thousand times in the single cell (Britten and Kohne, 
1968). The discovery that these sequences are sometimes replicated at 
defined times within the S phase si^ests that the replication of DNA 
at multiple subchromosomal sites might be subject to regulation by se¬ 
quence specificity as well as by temporal and spatial relationships. 

The advantages of tissue cultured cells of mammals for experimental 
purposes lies primarily in technical parameters. The development of 
techniques for synchronization of cell populations resulted in opportun¬ 
ities to study the replication process at different time points within S 
phase, as well as by simply increasii^ the proportion of cells in the 
population actively engaged in replication at any given moment. Fur- 
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ther, the synchrony of entry into S phase by eeU populations blocked 
at the Gl/S boundary also resulted in increased synchrony of initiation 
of individual replicons. Such synchrony is extremely important for the 
analysis of replication units whose physical parameters change as a 
consequence of the replication process. Tissue cultured cells also 
proved quite amenable to radioisotopic labeling with tritiated thymi¬ 
dine, permitting analysis of replicating molecules by autoradiographic 
and ultracentrifugation techniques. The isolation of DNA could be per¬ 
formed by gentle lysis of the cell and nuclear membranes resulting in 
large, relatively unsheared molecules containing many replication units. 
In spite of these advantages, mammalian tissue culture cells still do 
not exhibit the physiological flexibility of bacteria. They grow well 
only in a narrow temperature range and require nutritionally complex 
media. Such physiological limitations have contributed to limiting the 
success of attempts to isolate mutant cell lines defective in various 
components of DNA synthetic process. 

Because of these limitations and the increasing potential for the 
applications of genetic engineering techniques to higher plants, tissue 
cultured plant cells are promising experimental material for the study 
of DNA replication. Higher plants in the differentiated state grow in 
environments that vary widely in temperature and nutritional quality, 
and they respond to a wide variety of physical and biological stresses. 
This physiological flexibility is also exhibited in some undifferentiated 
tissue cultures, permitting growth over a wide temperature range and 
in nutritionally defined media. Generation times are often comparable 
to some animal cell cultures (1-2 days). Cultures can grow as suspen¬ 
sions of cells or clumps of cells approaching a relatively homogeneous 
population with respect to physical proximity of the culture environ¬ 
ment. 


LITERATURE REVIEW 
Experimental Approaches 

The utilization of higher plants for studies of DNA replication has 
been rather limited, despite use in the early and classic experiments 
that demonstrated that DNA synthesis occurs during a particular period 
within the cell division cycle (Howard and Pelc, 1953) and that chrom¬ 
osomes (and hence DNA, since chromosomes are unineme) are replicated 
in a semiconservative fashion (Taylor et al., 1957). 

The development of methodologies for the sterile in vitro culture of 
plant cells has led to a large number of applications for many plant 
species in areas of clonal propagation, morphogenesis, and genetic 
modification. The totipotency of higher plant cells provides remarkable 
opportunities for correlation between physiology and genetics in undif¬ 
ferentiated versus differentiated tissues. The ability to culture cell 
suspensions has also led to a number of desirable properties which 
make eeU suspension cultures good experimental systems for studying 
DNA replication. 



632 Specialized Cell Culture Techniques 

In designing a model system for the study of DNA replication, sever¬ 
al characteristics are desirable: It should be possible to isolate large 
DNA molecules, undegraded by shear or by nucleases. This isolation 
should proceed under conditions in which synthesis is inhibited and 
replication intermediates preserved. Cells shoidd be easily radioaetive- 
ly labeled with DNA precursors or analogues of precursors. To accom¬ 
plish this, it should be possible to reduce the endogenous precursor 
supply in order to increase the efficiency with which exogenous label is 
incorporated. Moreover, pools of exogenous precursors should be rapid¬ 
ly exchanged or emptied to facilitate pulse-chase experiments. One 
would like to be able to synchronize the system and ^ign cells at the 
Gl/S boundary so that replication of specific sequences can be studied 
temporally within S phase and synchronous initiation of replication at 
numerous replication units at the beginning of S phase can be analyzed. 
Moreover, since such synchronization increases the number of cells in 
which replication is occurring, it increases the efficiency of the system 
for studying DNA replication. These characteristics are met to one 
extent or another by using either cultured cells, protoplasts, or nuclei 
derived from them. 

Figure 1 illustrates the several alternate approaches that can be 
used and their interrelationship as far as the final DNA product to be 
analyzed. Depending on the method of analysis and the experimental 
regime, any one of the three might be the method of choice. The sim¬ 
plest experimental regime involves the radioactive labeling of cells dir¬ 
ectly in the cell suspension culture. This requires minimum perturba¬ 
tion of cells that are actively growing and hence replicating their 
DNA. One problem with this approach is that it is difficult to extract 

Clumps of Cells -Isoloted Protoplasts-► Purified Nuclei 
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Figure 1. Experimental approaches in studying DNA replication in 
plant tissue cultures. 
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DNA directly from cells without shear degradation. High molecular 
weight DNA is essential for the analysis of the size and spatial rela¬ 
tionship of replication intermediates. One solution to this problem is 
the enzymatic conversion of cells to protoplasts after labeling and 
gentle lysis of protoplasts by osmotic shock or detergent to permit 
purification of nuclei. Nuclei can then be lysed with detergent and 
DNA extracted for purification or analysis. The major limitation to 
this approach is the time period required for conversion of cells to 
protoplasts and for isolation of nuclei. There is a real possibility that 
metabolic processing of replication intermediates might occur prior to 
extraction. Such processing could either be processed into more ma¬ 
ture products, or be degraded as the consequence of plant nucleases 
active in vivo during the protoplasting and isolation. 

A solution to this problem is to convert cells to protoplasts prior to 
labeling. This would permit quick termination of a radioactive pulse by 
lysis of protoplasts with alkali to extract DNA directly or with deter¬ 
gent for nuclei isolation. The processing factor would be minimized by 
this protocol. Difficulties with this approach lie in the effect of the 
protoplasting procedure on the metabolic state of the isolated proto¬ 
plasts. 


Macromolecular Synthesis in Protoplasts 

The early observations (Nagata and Takebe, 1970) that isolated 
tobacco leaf mesophyll protoplasts had the capability after wall regen¬ 
eration to undergo subsequent ceU division led to a number of studies 
on macromolecular synthesis or uptake by the incorporation of radio¬ 
active precursors of protein, RNA, and DNA. Sakai and Takebe (1970) 
demonstrated that RNA and protein synthesis occur in isolated tobacco 
mesophyll protoplasts. Other studies with cucumber leaf mesophyll 
protoplasts (Robinson and Mayo, 1975) indicated a low rate of macro¬ 
molecular synthesis immediately after protoplast isolation. This low 
rate increased gradually within the next several days. Watts and King 
(1973) failed to detect any significant incorporation of thymidine into 
tobacco mesophyll protoplasts. Ohyama et al. (1972) observed little or 
no thymidine incorporation into protoplasts freshly isolated from soy¬ 
bean suspension cells. 

Zelcer and Galun (1976) later examined the kinetics of incorporation 
of radioactive thymidine into acid-insoluble material in tobacco meso¬ 
phyll protoplasts isolated under conditions to assure at least 60% cell 
division within 3 days culture. They found that leucine and uridine in¬ 
corporation began immediately after culture, with rates increasing after 
12 hr. Thymidine incorporation was very low initially, began increasing 
after about 20 hr, and peaked 40 hr after culture. This peak preceded 
the increase in ceU division by several hours. Rubin and Zaitlin (1976) 
further showed that high concentrations of protoplast suspensions durir® 
c^ture could decrease leucine and uridine incorporation as a result of 
dilution of labeled precursors in the incubation medium by nonlabeled 
precursors of cellular origin. Incorporation of radioactive leucine and 
uridine into tobacco protoplasts was reduced by the degree of osmotic 
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stress experienced during isolation (Premecz et al., 1978). Similar inhi¬ 
bition of leucine uptake and incorporation was reported for nondividing 
protoplasts isolated for Convolvulus suspension cultured cells (Ruesink, 
1978). 

While these studies were concerned primarily with protein and RNA 
synthesis, it is clear that rates of synthesis for all macromolecules in 
isolated protoplasts could be influenced by a number of factors, that 
rates could change during culture, and in particular that DNA synthesis 
appeared to be quiescent for quite some time after protoplast isolation. 
These facts all suggested that the isolated protoplasts in these systems 
might not reflect the same physiological condition as the cells from 
which they were isolated. No attempt was made in these studies to 
compare rates of synthesis in protoplasts to rates in intact cells, a 
factor of critical importance in assessing the physiological significance 
of the incorporation that was occurring. One study (Kulikowski and 
Mascarenhas, 1978) did show that protoplasts enzymatically derived 
from suspension cultures of Centoureo cycmus incorporated radioactive 
uridine into total RNA with kinetics similar to that of whole cells. 
However, during the first hours of culture, protoplasts showed an in¬ 
creased proportion of poly(A) containing RNA and faulty processing of 
ribosomal RNA precursor. Within 24 hr, during which time cell wall 
regeneration was initiated, RNA profiles resembled those of whole cells. 

There have been few studies designed primarily toward increasing the 
rates of macromoleeular synthesis in freshly isolated protoplasts. Num¬ 
erous experiments with oat mesophyll protoplasts have been carried 
out, with the goal of improvir^ protoplast viability, the hope being 
that increased viability might lead to sustained cell division of the cul¬ 
tured protoplasts, a serious roadblock to many tissue culture approach¬ 
es with cereals. Rates of macromoleeular synthesis were used as as¬ 
says to monitor protoplast viability (Fuchs and Galston, 1976). They 
found thymidine incorporation into acid-insoluble material to proceed 
uninterrupted for at least 21 hr, while uridine and leucine incorporation 
stopped about 6 hr after isolation. Efforts were made to lengthen the 
extent and increase the rate of precursor incorporation. Leaf pretreat¬ 
ment with cycloheximide or kinetin was shown to increase protoplast 
yields as well as rates of leucine and uridine incorporation (Kaur-Sawh- 
ney et al., 1976). Additions of polyamines were found to stabilize 
protoplasts against spontaneous lysis (Altman et al., 1977), decrease the 
postexcision rise in RNase and protease activity (Kaur-Sawhney et al., 
1977), and increase the incorporation of amino acids and nucleosides 
into the acid-insoluble fraction of the protoplasts (Altman et al., 1977; 
Kaur-Sawhney et al., 1977). Recent studies (Kaur-Sawhney et al., 1980) 
have indicated that most of the previously observed incorporation of 
thymidine into acid-insoluble material was not into a DNase sensitive 
component, indicating little or no net DNA synthesis in oat leaf proto¬ 
plasts. The same study, however, shows that the addition of 1 mM 
spermine or spermidine increased the rate of total thymidine incorpora¬ 
tion, and more importantly, the amount converted into the DNase sensi¬ 
tive fraction. Some increase in the frequency of binucleate protoplasts 
was observed in 72-168 hr cultures, perhaps the consequence of im¬ 
proved DNA synthetic capacity in these protoplasts. No such stimula- 
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tory effect has been observed on fully viable protoplasts isolated from 
soybean or Datura irmoxia suspension cultured cells (Cress, unpublished 
data). 

Radojevic and Kavoor (1978) investigated the rate of DNA synthesis 
during the initial period of culture of protoplasts isolated from callus 
cultures of Corylus avellana. They normalized the rate of synthesis by 
prelabeling callus cells with long exposure to thymidine prior to 
protoplast isolation and labeling with orthophosphate. The rate of 
synthesis was estimated by the ratio of radioactivity of RNase- 

resistant material isolated by agarose gel chromatography instead of by 
acid-precipitation. Their results indicated a fairly linear rate of DNA 
synthesis from 16 hr after isolation up to over 100 hr; however, no 
comparison was made to rates of synthesis in the callus culture from 
which the protoplasts were isolated. 

The most detailed study examining DNA synthesis in freshly isolated 
protoplasts was carried out by Cress et al. (1978). A short (1 hr) pro- 
toplasting procedure in sucrose-glucose medium resulted in preparations 
of protoplasts which were able to synthesize DNA without delay and at 
the same rate as the cell suspension from which they were prepared. 
Kinetics of incorporation into DNA were reproducibly linear for several 
hours and permitted the study of replication intermediates by immediate 
extraction in the cold with alkali. Some results of that study will be 
presented below. Subsequent studies (Roman et al., 1980; Cress, un¬ 
published data) have demonstrated that use of low osmotic medium is 
the key factor in obtaining high initial rates of DNA synthesis in fresh¬ 
ly isolated soybean protoplasts. Optimal conditions for high initial 
rates of DNA synthesis involved 0.2 M mannitol or KCl as osmotic sta¬ 
bilizers. High osmotic strength medium inhibited incorporation of thy¬ 
midine into DNA with little effect on uptake or thymidine pool size. 

The above studies on DNA synthesis in isolated protoplasts in one 
way or another measured net rates of synthesis. The net rate is pro¬ 
portional not only to the actual synthetic rate but could be influenced 
by degradation of either parental or nascent DNA. The observations of 
increased RNase levels during culture of oat leaf protoplasts (Altman et 
al., 1977; Kaur-Sawhney et al., 1977; Galston et al., 1978) and tobacco 
mesophyll protoplasts (Lazar et al., 1973; Premecz et aU, 1977) sugges¬ 
ted a possible correlation between protoplast vitality and nuclease 
levels in vivo. The RNase levels in the oat protoplasts could be re¬ 
duced by antisenescence treatments such as addition of polyamines. 
The tobacco protoplast experiments suggested that osmotic stress in¬ 
duced the synthesis of new protein responsible for the increase in 
RNAse activity (Premecz et al., 1977, 1978). 

Nuclease degradation of DNA was observed in cultured protoplasts of 
Corylus avellana (Radojevic and Kovoor, 1978). There was some corre¬ 
lation between the extent of degradation of preexistent or parental 
DNA, the integrity of the protoplast preparation, and the extent of 
synthesis of new DNA during culture. Similar observations have been 
made for protoplasts isolated from soybean suspension cultured cells 
(Cress, unpublished data). 

An additional factor influencing the measurement of rate of synthesis 
is the capacity for uptake of the exogenous radioactive precursor. 
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Howland and Yette (1975) observed that the low level of incorporation 
of thymidine into wild carrot cells or protoplasts resulted from degra- 
dative catabolism of the exogenous thymidine rather than loss of DNA 
synthetic capacity. The addition of 10"® M 5-fluorodeoxyuridine (FUdR) 
in conjunction with radioactive thymidine inhibited this degradation as 
well as enhancing thymidine incorporation into DNA. Subsequent stud¬ 
ies using wild carrot suspension cultures (Slabas et al., 1980) and 
sugarcane suspension cultures (Lesley et al., 1980) confirmed catabolism 
of exogenously supplied thymidine to p-aminoisobutyric acid. The addi¬ 
tion of FUdR or thymine was effectual in reducing thymidine degrada¬ 
tion but without complete success. The authors concluded that degra¬ 
dation was most seriously a problem during long incubation times in 
radioactive thymidine, ^oper selection of cell concentration, incuba¬ 
tion time, and exogenous thymidine concentration were critical factors 
in establishing thymidine incorporation as a valid measure of the rate 
of DNA synthesis in cultured carrot cells (Slabas et al., 1980). 

FUdR was utilized to enhance thymidine incorporation into suspension 
cultured cells of soybean (Cress et al., 1978). The kinetics of uptake 
as wen as analysis of isolated labeled DNA showed that incorporation 
under these culture conditions was into DNA and that rates of incor¬ 
poration were valid measures of DNA synthesis. The pool of endogen¬ 
ous thymidine within these cells was small, since uptake of radioactive 
thymidine proceeded within 15 min without an observable lag and was 
stopped immediately when radioactive thymidine was replaced by non¬ 
radioactive precursor. That permitted the authors to carry out pulse- 
chase experiments to analyze the precimsor-product relationships of 
replication intermediates and replicating units. 


Cell Synchronization 

A large number of different experimental systems have been used to 
study the plant cell cycle and its regulation. The only detailed studies 
on DNA replication used suspension cultured cells partially synchronized 
by accumulation at the Gl/S boundary (Chu and Lark, 1976; Cress et 
al., 1978; Lark and Cress, 1978). Treatment with FUdR for one gener¬ 
ation results in alignment of about 70% of the cell population at the 
Gl/S boundary, with the majority of the remainder arrested in the 
various portions of the S phase in which they were when inhibitor was 
added. Upon removal of FUdR and addition of thymidine, the synchron¬ 
ized cells are viable and undergo replication and a subsequent wave of 
mitoses at times expected from the established periods of their cell 
cycles. Protoplasts (Cress et al., 1978) or nuclei (Roman et al., 1980) 
populations derived from synchronized cell populations exhibited replica¬ 
tion properties similar to those of the cell cultures. 


DNA Polymerases 

The capacity for controlling experimental conditions by using suspen¬ 
sion cultured cells has been exploited to study the relationship between 
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DNA synthesis and DNA polymerases of plant cells. The major DNA 
polymerase (o-like) present in rice suspension cells was isolated and its 
activity correlated with cell proliferation (Amileni et al., 1979). Inhi¬ 
bition by aphidieolin of in vivo DNA synthesis and of in vitro o-like 
DNA polymerase activity su^ests that this enzyme is the nuclear rep¬ 
licating enzyme of plant cells (Sala et al., 1980). 


DNA Fiber Autoradiography 

The characteristic feature of DNA replication in eukaryotes is the 
spatial organization of the chromosome into multiple discrete units of 
replication that are simultaneously active. This feature was first dis¬ 
covered by Cairns (1966) usir^ the technique of DNA fiber autoradio¬ 
graphy to study DNA replication in mammalian tissue culture cells. 
The technique consists of labeling DNA to high specific activity with 
thymidine, releasing DNA from the cell by very gentle lysis, and 
spreading out the fibers linearly on the surface of a glass slide. Tlie 
preparations are fixed and coated with suitable photographic emulsion 
and exposed until tandem arrays of silver grains of sufficient density 
are produced. These arrays represent daughter DNA helices replicated 
during the period of labeling. 

The pattern of tandem arrays reflects the activities of replication 
origins at and during the time of the radioactive pulse. If adjacent 
units initiate replication simultaneously, as in FUdR synchronized cell 
cultures (Fig. 2), then the distance between those origins would be 
equivalent to the measured distances between the centers of adjacent 
autoradiographic tracks. If, however, units were in various stages of 
bidirectional replication, the two adjacent tandems would reflect the 
two symmetrical replicating forks on either side of the origin (Fig. 2, 
exponential). In that case the distance between adjacent origins would 
not be equivalent to center-to-center distances, but instead would be 
measured by the distance between the midpoints of two pairs of tandem 
tracks of identical length. Both of these patterns require at least two 
adjacent replicating units to be active during the radioactive pulse. In 
practice, fibers with numerous tandemly active units are found, partly 
because of the subjectivity of selection by the investigator but in large 
part because active replicating units tend to be clustered, with almost 
simultaneous activation of neighboring origins. 

More sophisticated analyses can be performed by altering the specific 
activity of the radioactive precursor during the pulse, producing chang¬ 
es in grain intensity within an autoradiographic track. Such protocols 
have clearly demonstrated that bidirectionality of replication from the 
origin of a replicating unit is the norm for eukaryotic cells. It should 
be noted that for purposes of measurements of interorigin distances the 
period of labeling should be short enough to prevent adjacent tandems 
from fusing. 

With the use of autoradiographic techniques, the same gener^ pat¬ 
tern of replicating units has been observed in most eukaryotes, includ¬ 
ing Drosophila, yeast, animal cells, and plants. The first and most ex¬ 
tensive use of fiber autoradiography to study replication units in higher 
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Figure 2. Schematic representation of DNA replication analysis by 
DNA fiber autoradiography. 


plants was by Van't Hof and colleagues. They showed that the inter- 
origin distance between replicating units in pea root meristem ranged 
from 20 to 140 pm, with an average of 55 pm. Replication was bi¬ 
directional in most units, and the average rate of fork movement was 
29 pm/h at 23 C (Van't Hof, 1975). In nutritionally synchronized root 
meristem cells, replicon size averaged 38 pm for ceUs terminating S 
phase (Vant Hof, 1976a), while two size classes of 40 pm and 50 pm 
were observed for cells in early S phase (Van't Hof, 1976b). Cultured 
explants of stelar and cortical mature pea root tissues were found to 
have a replicon size of 18 pm, indicating that some origins not acti¬ 
vated in embryonic cells are active in differentiated cells of pea (Van't 
Hof and Bjerknes, 1977). Analysis of seedlings of Arabidopsis thdli^i 
a plant of much smaller genome size, revealed two replicon families 
initiating replication at different times in S, with average replicon size 
of 24 pm (Van't Hof et al., 1978a). Root tip meristem cells of sun¬ 
flower grown at different temperatures varied in the length of the S 
phase of the cell cycle; however, the average replicon size of 22 pm 
was invariant (Van't Hof et al., 1978b). Rather, variations in rates of 
fork movement were observed. 

In summary, the analysis of several plant species including undifferen¬ 
tiated cultured cells suggests a basic replicon spacing of about 18 I*® 
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(58 kb), with certain tissues displaying spacings of approximately two 
or three times that in length, indicating supression of activable replica¬ 
tion origins under those conditions. Replication appears to proceed bi¬ 
directionally in the vast majority of replicons, and both replicon spac¬ 
ing and the rate of fork movement can vary throughout S. As yet 
there is little evidence for the existence of defined termini of replicat¬ 
ing units, and the nature of the regulation of individual origin activa¬ 
tion and regional cluster activation is not known. The power of DNA 
fiber autoradiography lies in the simplicity, directness, and precision of 
measurements. Ttiree aspects of autoradiography prevent a detailed 
analysis of replication intermediates: By this method, the resolution of 
the technique does not permit a quantitative analysis of replicated or 
nonreplieated regions shorter than 3 (im; adjacent regions which are 
not covalently linked cannot be distinguished from those that are; the 
technique is, by its nature, subjective and greatly influenced by the 
microscopic fields available. Thus aggregates must be avoided, and 
long, labeled regions tend to confuse shorter, tandem regions. Long 
regions are often belittled in analysis, since they represent a small 
proportion of the DNA fibers, although they may represent large 
amounts of replicated material (i.e., one hundred 10 mid pieces are 
equal to 1 mm piece). 


Sedimentation Velocity Analyses 

The above drawbacks of fiber autoradiography can be avoided by 
complimentary analysis of replicated DNA using rate zonal sedimenta¬ 
tion in neutral or alkaline sucrose density gradients. These methods 
involve the entire population of replicating or radioactively labeled 
molecules and can utilize pulse-chase techniques to determine the fate 
of a replicated piece of DNA as to its relationship with neighboring 
replicating units, i.e., ligation or fusion of adjacent replicons. 

Figure 3 presents a schematic representation of actively replicating 
units in FUdR synchronous or asynchronous soybean suspension cells in 
which replication intermediates exist that are smaller than replicon- 
sized intermediates. If such DNA is sedimented in neutral sucrose gra¬ 
dients, the newly replicated (labeled) DNA will sediment with the velo¬ 
city characteristics of the larger parental strands. Tliat velocity is 
proportional to the size of the isolated fragments. Under gentle lysis 
conditions, parental DNA of length many times that of replicon-sized 
fragments can be obtained, permitting analysis of several replicating 
units in localized regions. If the DNA is denatured by alkali, the sep¬ 
arated single strands assume the structure of a random coil, and repli¬ 
cating fragments will sediment in alkaline sucrose gradients indepen¬ 
dently of the parental strands. The quantitative relation of sedimenta¬ 
tion rate to molecular weight (hence, length) has been empirically 
determined (Studier, 1965), and therefore lengths of labeled pieces can 
be calculated from sedimentation rates. If cells have been prelabeled 
with a different radioactive pereursor (e.g., *^C) for a generation prior 
to pulse labeling with thymidine, then parental DNA and replicating 
DNA can be distinguished in the same analysis. 
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Figure 3, Schematic representation of DNA replication by analysis by 
alkaline sucrose density gradient centrifugation. 


Few such studies have been carried out with plant tissue. Experi¬ 
ments with Vicia embryos (Sakamaki et al., 1975, 1976) and cotton 
radicles (Clay et al., 1976) indicate that a unit sedimenting at 25S 
(corresponding to about 50 kb in length) is synthesized during long 
pulses, but that with brief pulses a much smaller intermediate sedi¬ 
menting at 4-6S (200-400 nucleotide pairs long) can be observed. The 
relationship of these intermediates to each other was not determined. 
Such small intermediates have been observed in other eukaryotic sy^ 
terns (Sheinen et al., 1978) and can be shown by pulse-chase experi¬ 
ments to be precursors of the larger units. 

With the use of protoplasts from asynchronous or FUdR synchronized 
suspension cultures of soybean (Cress et al., 1978; Lark and Cress, 
1978) it was shown that such small intermediates do occur and rapidly 
become associated with higher molecular weight DNA. In such quanti¬ 
tative experiments it is easily shown that durii^ the chase period all 
of the radioactive label is conserved, but no residual incorporation 
occurs. These small "Okazaki" pieces occur in both exponential and 
synchronized cultures. However, the rate at which they are joined is 
much faster in exponential cultures. 

Moreover, in synchronous cultures the product of joining corresponds 
to the tandem units seen in autoradiograms, whereas a much broader 
size distribution is observed in asynchronous exponential cultures. Why 
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should the two be different? Two explanations are likely: The differ¬ 
ent patterns are an effect of the synchronizing treatment, i.e., FUdR 
treatment somehow inhibits joining. If this is the case, the inhibition 
is not immediate, since no such effect is observed after short treat¬ 
ments with this analogue. The spacing of replicating units at the be¬ 
ginning of S is different from that at later times, regularly interspers¬ 
ing replicating and nonreplieating units at the onset of S. Similarly, 
small "Okazaki" intermediates may be separated by unreplicated "Oka¬ 
zaki" regions. Evidence exists consistent with both of these possibili¬ 
ties. We have observed an inhibition of DNA replication by the contin¬ 
ued presence of FUdR despite the presence of exogenous thymidine and 
uridine. Thus it is possible that FUdR slows the synthesis of "Okazaki" 
piece intermediates which would prevent joining of both larger and 
smaller pieces. 

A more interesting set of observations support the second alternat¬ 
ive. In both mammalian cells (Hori and Lark, 1974) and Physca-um 
(Funderud et al., 1978) it has been observed that clustering of replicat¬ 
ing units occurs such that units synthesized early in S are separated 
by units that will only be synthesized later. Moreover, in Pliysarum, 
there is evidence that small "Okazaki" units join more slowly at the 
beginning of S than at the end (and are thus observed for longer 
times). The Physarum data are particularly strong, since they take ad¬ 
vantage of a naturally synchronous system. There is some evidence for 
similar differences in clustering of replicons in higher plants, since 
Van't Hof (1976a,b) observed much longer basic replicating units late in 
S as compared to the onset of S. If the larger units are aggregates of 
simultaneously replicating smaller units, the conclusion could be drawn 
that replicating units are clustered and therefore joining more rapidly 
in S. 

Quantitative analysis of replicating DNA by sedimentation velocity 
was performed on the same experimental material as used for fiber 
autoradiography (Cress et al., 1978) and revealed that the maximum 
sizes of labeled fragments measured by autoradiography corresponded to 
those observed by alkaline sedimentation, indicating that the lengths 
measured in autoradiograms are representative of the entire population 
of labeled DNA molecules. 


Buoyant Density Analyses 

Suspension cell cultures also permit the use of density analogues of 
thymidine such as bromodeoxyuridine (BUdR). Since this analogue can 
be substituted for thymidine in the medium and since FUdR can be 
used to inhibit the synthesis of endogenous thymidine, complete substi¬ 
tution of BUdR for thymidine in DNA can be obtained. An immediate 
advantage of this is that DNA replicated in BUdR can be separated 
from the rest of the genome by isopycnic centrifugation in CsCl. In 
this manner it becomes possible to use synchronized cultures to enrich 
for and isolate DNA synthesized at particular periods in S. The dens¬ 
ity separation is particularly good with soybean, since the DNA is 
normally AT rich and therefore light, whereas substitution with BUdR 
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results in DNA rich in BUdR or extra heavy (the density shift upon 
substitution goes from 1.694 to 1.747 gm/cm^). 

In addition to separating DNA that is replicated at a particular 
time, density labeling can be used to estimate the number of replicat¬ 
ing units per nucleus. This is done by labeling cells for short periods 
with BUdR and measuring the amount of nonreplicated adjoining DNA 
banding in CsCl in a region of heavier density. If the size of the 

pieces approaches the size of replicating units and if the size of the 

replicated regions is small by comparison, then the amount of unrepli- 

cated DNA pulled to a region of heavier density represents the size of 

the replication units multiplied by the number of BUdR centers (i.e., 
the number of units in the process of replication). Knowing the gen¬ 
ome size allows a calculation of the number of replication units. For 
soybean cells beginning S, this number is about 5000 (Cress et al., 
1978). 

Another aspect of replication which can be inferred from experiments 
with density labeling is the spacing or interspersion of small "Okazaki" 
intermediates. We have just discussed the existence of these very 
small 4-6S intermediates and suggested that they may not all be imme¬ 
diately contiguoiB, especially if synthesized after FUdR synchronization. 
If this is so, we expect a density label to be incorporated into small 
pieces separated by regions not yet replicated. If these other regions 
are subsequently replicated in BUdR, the whole region will become uni¬ 
formly dense corresponding to the expected density shift. If, however, 
subsequent replication occurs in thymidine, we expect "finely divided" 
regions of heavy and light density and the fineness of the division 
should correspond to the 4-6S subdivision. This result has been ob¬ 
served, leading to the conclusion that the "Okazaki" piece intermedi¬ 
ates are separated by unreplicated space of similar dimensions (Cress 
et al., 1978; Lark and Cress, 1978). 

The ability to enrich for replicating DNA synthesized at different 
times in S by use of FUdR-synchronized cultures and BUdR labeling has 
been applied to the study of ribosomal (rDNA) cistrons in soybean 
(Jackson and Lark, 1982). DNA replicated at different intervals follow¬ 
ing release from inhibition was separated from nonreplicated DNA on 
the basis of buoyant density increase and hybridized to ribosomal RNA 
to measure replication of ribosomal cistrons. More than one-third of 
the cistrons replicated within the first 90 min of the 8 hr S period. 
These cistrons constituted the "major" type of rDNA eistron in soybean, 
while rDNA sequences of the "minor" type were replicated later in S. 


DNA Stability 

The long-standing question of the relation of changes of genomic 
DNA content and composition to development has been studied in car¬ 
rot tissues along with DNA from whole carrot plants for comparison. 
A heavy satellite DNA band was observed in carrot explants that could 
not be detected in the DNA of the whole carrot plant, and pulse-chase 
experiments indicated the oeexurrence of a metabolic turnover of DNA 
(Schafer et al., 1978). Such changes in DNA composition, particularly 
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in the intermediate repeated DNA fraction, could be induced by treat¬ 
ment of explants with gibberellie acid (Schafer and Neumann, 1978). 
Further studies showed that another satellite consisting of highly re¬ 
peated DNA sequences was preferentially synthesized during a 24 hr 
labeling period in carrot tissue cultures growing with h^h cell division 
activity (Duhrssen and Neumann, 1980). 

A more detailed study of the genomic DNA sequence alteration has 
been performed in the ribosomal DNA cistrons of soybeans (Jackson and 
Lark, 1982). Soybean SB-1 cells grow rapidly in sucrose with a 1 day 
doubling time. Upon transfer to medium containing maltose, the doubl¬ 
ing time is reduced to 8 days (Limberg et al., 1979). After several 
generations of slow growth in maltose, one-third of the rDNA cistrons 
has been lost. These sequences represent the minor type of ribosomal 
cistron which is replicated later in S phase. The major type of cis- 
tron, replicated early in S, is maintained during growth in maltose. 
These sequences cannot be essential for ceU growth in culture because 
subsequent, prolonged, rapid growth in sucrose medium fails to com¬ 
pletely restore the lost sequences. It has not been determined wheth¬ 
er this loss results from active removal of specific sequences or from 
the failure to replicate these sequences during the first generations 
growth in selective medium. Likewise, the significance of the correla¬ 
tion between sequence loss and timing of replication in S phase is 
unclear at present. 


In vitro DNA Synthesis 

The use of cells or protoplasts in studies of in vivo DNA synthesis 
has limitations in the detail with which replication process can be 
examined. For ultimate purposes of biochemical reconstitution of the 
replication complex and complementation usir^ mutants defective in dif¬ 
ferent aspects of replication, an in vitro system of DNA replication is 
required. A first step in that direction has been the in vitro replica¬ 
tion of DNA by isolated soybean nuclei (Roman et al., 1980). The rate 
of DNA synthesis in those nuclei was as high as 30S6 of the in vivo 
rate, yet ceased after 10-15 min. Several lines of evidence supported 
the hypothesis that such synthesis was replication rather than repair 
synthesis. However, the DNA replicated in vitro was in large part 
comprised of specific repeated DNA sequences (Caboche and Lark, 
1981), suggesting that different components of the replication machinery 
might be involved in replicating single copy and repeated DNA sequen¬ 
ces. Quantitative changes in the pattern of replication of these re¬ 
peated sequences in vitro were observed in nuclei isolated from cells 
cultured for 16 hr in the presence of eytokinins. However, the addi¬ 
tion of eytokinins to the in vitro reaction mixture had no effect on the 
pattern of replication. While it has not yet been demonstrated that 
initiation of replication at replication origins occurs in this in vitro 
system, the system offers great potential for elucidating the biochemi¬ 
cal machinery of replication and the process of regulation of that 
machinery. 
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PROTOCOLS 
CeU Culture 

The cell line SB-1 of Glycine max (L.) Merr. cv. Mandarin (Gamborg 
et al., 1968) is grown in suspension in liquid medium. Either B5 (Gam¬ 
borg et al., 1968) or MS (Murashige and Skoog, 1962) medium containing 
4.5 |jiM 2,4-D and 0.4^ CH (vitamin and salt free, ICN Pharmaceutical 
Inc., Cleveland, Ohio) is suitable for rapid cell growth. Stock cultures 
can be maintained at temperatures from 20 C to 33 C. Cells are rou¬ 
tinely cultured in the dark at 33 C as 50 ml batch suspension in 250 
ml baffled Delong shake flasks on a gyrotary shaker (110-150 rpm). 
Cell growth is measured either by converting cells to protoplasts and 
counting these in a Neubauer hemacytometer or by measuring the 
packed volume of centrifuged cells. Cell density is maintained between 
6 X 10®/ml and 3 x 10®/ml by directly diluting 10 ml cells into 40 ml 
fresh medium every 2 days. Under these conditions, exponential growth 
is maintained and cell number doubles every 20-24 hr. Cell viability is 
determined using the vital stain trypan blue (0.436 in normal saline, 
Grand Island Biological Company, Grand Island, N.Y.). 


Synchronization 

Populations of SB-1 cells can be partially synchronized by treatment 
with the DNA synthesis inhibitor fluorodeoxyuridine (FUdR) (Chu and 
Lark, 1976). FUdR (filter-sterilized in aqueous solution) is added di¬ 
rectly to suspension cultures on the second day following subculture to 
a final concentration of 1 ng/ml, along with 0.5 ng/ml uridine. Cul¬ 
tures are incubated a further 24 hr, during which time cells accumulate 
at the Gl/S boundary of the cell division cycle. Cells are released 
from inhibition by washing twice with fresh filter-sterilized medium 
containing 2 iig/ml thymidine. 


Protoplast Isolation 

For subsequent nuclei isolation: 

1. Prepare enzyme solution containing desalted 2% ceUulase Onozuka 
R-10 and 0,5% Macerozyme R-10 (both enzymes from Kinki Yakult, 
Nishinoraiya, Japan) in digestion buffer containing 0.6 M mannitol, 5 
mM Cadz, and 2 mM KH 2 PO 4 , Pass the solution through filter 
paper (Whatman No. 1), adjust to pH 5.4, filter sterilize, store at 
4 C« 

2 . Mix equal volumes of cell suspension and enzyme solution in sterile 
petri dish or centrifuge tube. Incubate with gentle shaking (ea., 
40 rpm on gyrotary shaker) at 33 C for 30 min to 2 hr. 

3. Monitor protoplast production by examination on an inverted stage 
ligiit microscope. Protoplast production should be 95% complete 
within 2 hr. 
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4. To remove incompletely digested clumps of cells, filter the proto¬ 
plast suspension twice by gravity through a stainless-steel or nylon 
screen (50 )im pore size) into sterile centrifuge tube (e.g., Falcon 
2037). 

5. Centrifuge (lEC Clinical model) the protoplasts at 100 x g for 5 
min, pour off supernatant and gently resuspend protoplasts in 10 ml 
protoplast d^estion buffer. 

6. Repeat step 5 two times. 

7. Protoplast concentration is determined by counting using a hema¬ 
cytometer. 

For subsequent isolation of nuclei for in vitro DNA synthesis (Roman 

et al., 1980): 

1. Centrifuge exponentially growing cells at 100 x g for 5 min and 
resuspend at the same concentration in digestion buffer (200 mM 
RCl, 50 mM sucrose, 3 mM CaCh, 2 mM NH 4 NO 3 , and 1 mM 
KH2PO4, pH 5.5) containing 1% cellulase Onozuka RIO, 0.02% 
Rhozyme HP150 (Rohm and Haas, Philadelphia). Incubate at 33 C 
with gentle shakit^ for 3 hr. 

2. Remove cell debris and cell clumps by filtration through stainless 
steel screen (50 ^m pore size). 

3. Wash once with digestion buffer. Resuspend protoplasts at a con¬ 
centration of 2-4 X 10®/ml. 

4. Layer 10 ml protoplast suspension onto 10 ml digestion buffer con¬ 
taining 20% (w/v) sucrose in a 30 ml centrifuge tube. Gently mix 
the interface of the two layers to form a localized gradient. 

5. Centrifuge in a swinging bucket rotor at 800 x g for 5 min. 

6. Collect the material at the top of the 20% sucrose layer, dilute 
with digestion buffer. 

7. Centrifuge the protoplasts at 500 x g for 5 min. Resuspend in di¬ 
gestion buffer. 

8. Repeat steps 4 through 7 if necessary to eliminate residual contam¬ 
ination with cells. 

For DNA synthesis in isolated protoplasts: 

1. Centrifuge cell suspension (1 to 2 x 10® cells/ml) at 100 x g for 3 
min. Wash once with filter-sterilized culture medium. 

2. Resuspend cells in digestion buffer (0.2 M mannitol, 25 mM glucose, 
5 mM CaClz, 2 mM KH2PO4, pH 5.4) containing 2% cellulase Ono¬ 
zuka R-10 and 0.2% Maeerozyme R-10. 

3. Incubate at 33 C with gentle shaking (50 rpm) for 1 hr. 

4. Filter four times through nylon screen (50 ^m pore size). 

5. Wash twice with digestion buffer. 

6. Resuspend at a concentration of 10®/ml in filter^terilized cell cul¬ 
ture medium with the replacement of sucrose by 0.2 M mannitol. 
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Nuclei Isolation 


For subsequent DNA extraction: 


1. Pellet washed protoplasts and resuspend at a concentration of 1-2 
X 10 ^/ml on ice in lysis buffer containing 0.25 M sucrose, 25 mM 
KCl, 2 mM CaCb, 1 mM 2-mercaptoethanol, and 25 mM Tris-HCl 
(pH 7.8). 

2. Add an equal volume of lysis buffer containing 0.4% (v/v) of the 
nonionic detergent Triton X-100. 

3. Shake by inversion by hand for 1 min. 

4. Dilute with equal volume of lysis buffer. 

5. FHter by gravity through two layers of nylon screen (50 um pore 
size), and collect filtrate. 

6. FUter through one layer of nylon screen (10 |im pore size) three 
times in succession, each time collecting filtrate and agitating by 
Inversion by hand. 

7. Centrifuge the filtrate at 750 x g for 10 min, and resuspend the 
pellet in lysis buffer containing 0.4% Triton X-100. 

8. Set on ice for 5 min. 

9. Repeat step 7, washing the pellet in lysis buffer. 

10. If further purification is required because of contaminating plas- 
tids, membranes, or fragments of nuclei, continue with steps 11 
through 13. 

11. Layer the nuclei suspension over an equal volume of lysis buffer 
containing 2.3 M sucrose and 0.2% Triton X-100. Mix the inter¬ 
face gently. 

12. Centrifuge for 1 hr at 75,000 x g in a swinging bucket rotor at 4 

C. 

13. Resuspend the peRet in lysis buffer and wash twice by centrifuga¬ 
tion at 800 X g for 10 min. 


For subsequent in vitro DNA synthesis (Roman et al., 1980) in 

isolated nuclei; 

1. AU following steps should be carried out at 4 C. 

2. Resuspend protoplasts (purified as before) on ice at a concentration 
of 2-4 X 10 ^/ml in buffer containii^ 0.2 M sorbitol, 60 mM KCl, 3 
mM CaCl 2 , and 25 mM Tris-HCl (pH 8.0). 

3. Add Triton X-100 to a final concentration of 0.1% (v/v) and mix. 

4. After 1 min, 2-ml aliquots in 15 ml tubes are shaken by hand five 
times at 2 second intervals. 

5. Add 5 ml lysis buffer. 

6. Centrifuge at 800 x g for 10 min. 

7. Wash pellets and resuspend nuclei at concentration of 5 x 10 ^/mL 

8. Examine nuclei by phase-contrast microscopy. Contamination by 
cells or tarotoplasts should be less than 0.5%. 
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Autoradiography 

Of labeled protoplasts: 

1. Prepare labeled protoplasts as above and wash twice in a fixative 
solution composed of 1 part glacial acetic acid, 3 parts 95» ethan¬ 
ol, 4 parts of 0.56% RCl in distilled water. 

2. Resuspend protoplasts to a concentration of 1 x 10 ^/ml. 

3. Place two drops of the protoplast-fixative mixture on a microscope 
slide and spread by tilting the slide. Air-dry. 

4. Wash the slide in cold 5% (w/v) trichloroacetic acid (TCA) for 5 
min and then in 95% ethanol for 2 min. Air-dry. 

5. Dip the slide into Kodak NTB-3 liquid emulsion (in the dark, of 
course) and allow to expose in light-proof boxes for an appropriate 
period of time (1-10 days). 

6. Develop at 25 C with Kodak D-19 developer for 5 min and fix in 
Kodak fixer for 7 min. 

7. Wash with distilled water and air-dry. 

8. For staining, dip the slide in Giemsa stain solution (Fisher) for 20 
min at room temperature. Destain by dipping in acetone. 

Of labeled nuclei; 

1. Resuspend labeled nuclei in lysis buffer containing 20% sucrose. 

2. Fix by gentle addition of fixative solution consisting of 1 part gla¬ 
cial acetic acid, 3 parts ethanol, 1 part sucrose-containing lysis 
buffer. 

3. Prepare for autoradiography as above. 

Of labeled mitoses; 

1. Prepare modified carbol fuchsin stain (Kao, 1975) as follows; Dis¬ 
solve 2 g basic fuchsin in 50 ml of 70% ethanol. Filter through 
Whatman No. 1 filter paper. Add 2 ml of filtrate to 18 ml of 5% 
aqueous phenol in distilled water. Mix and add 2.5 ml acetic acid 
plus 2.5 ml of 37% formaldehyde. Dilute 5 ml of this solution to 
100 ml with 45% acetic acid and 2 g mannitol. Age at room tem¬ 
perature for several weeks before use. This final staining solution 
is stable at room temperature for at least several years. 

2. Wash appropriate cells once in fixative solution of acetic acid-etha¬ 
nol (1:3, v/v). 

3. Resuspend in fixative and incubate overnight at 4 C. 

4. Wash once with fixative and once with 45% acetic acid. 

5. Place about 20 m 1 of the fixed cells suspension on a clean glass 
microscope slide. 

8. Slowly add about 50 |il of 5% modified carbol fuchsin. 

7. Expose to air for 2 min, then lower cover slip onto the drop. 

8. After 10-30 min, place two layers of absorbant paper over the 
cover slip and press firmly and evenly with the thumb. 

9. Wash with 5% TCA and 95% ethanol, and prepare for autoradio- 
gra[4iy by dipping in photographic emulsion as described above. 
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Of DNA fibers: 

1. Purify nuclei from [protoplasts as described above. 

2. Wash twice with cold phosphate-buffered saline by centrifugation 
at 1000 X g for 5 min. 

3. Place a drop containing 10^-10* nuclei on a 1" x 3" glass micro¬ 
scope slide (Gold-Seal, precleaned) previously coated with either 
0.5% serum ^bumin or a solution of 0.01% CrK(S 04}2 x 12 H 2 O, 
0.1% gelatin. 

4. Place a drop of solution containing 2% sodium dodecyl sulfate 
(SDS), 0.05 M EDTA adjacent to the drop of nuclei. 

5. Slightly tilt the microscope slide to permit the drops to run to¬ 
gether. 

6. Spread the gently mixing solutions down over the surface of the 
slide by pulling the drop with a clean glass stirring rod by sur¬ 
face tension. 

7. Air-dry the slide at room temperature. 

8. Fix the slide by dipping in cold 5% trichloroacetic acid for 5 min. 

9. Wash by dipping in water once and 95% ethanol twice. Air-dry. 

10. Coat with film by dipping into a 1/1.6 dilution of Ilford L4 liquid 
emulsion. 

11. Place in light-proof boxes to expose at 4 C for the appropriate 
period of time (2-6 months). 

12. Develop the exposed slides with Kodak D19 developer for 5 rain at 
25 C and fix with Kodak fixer for 7 min. 

13. Observe tracks of silver grains under a microscope with bright- 
field optics. Typical magnification required for measurement of 
tandem arrays is 6000-12,OOOx. 


Extraction and Analysis of DNA 
Isopycnic centrifugation in CsCl: 

1. Resuspend nuclei thoroughly in solution containing 20% (w/v) suc¬ 
rose, 100 mM NaCl, 50 mM EDTA, and 100 mM Tris-HCl, pH 7.8. 

2. Incubate at 65 C for 2 min, 

3. Add an equal volume of the same lysis buffer containing freshly 
dissolved 2% (w/v) sodium dodecyl sulfate and 100 j^/ml protein¬ 
ase K (EM Laboratories); mix gently, 

4. Incubate at 65 C for 30-60 min. 

5. Slowly dilute the lysate to 6.7 gm with distilled water. 

6. Pour this solution onto 8.72 gm CsCl in a polyallomer centrifi^e 
tube. Dissolve the CsCl slowly by gentle inversion. 

7. Overlay the solution with clean mineral oil, seal the tube with 
contrive cap, and centrifuge in a Beckman Ti50 rotor at 40,000 
rpm at 15 C for 40-60 hr. 

8. Fractionate the gradient by piercing the bottom of the tube with 
a needle and collecting fixed volume aliquots onto Whatman 3MM 
filter (2.4 cm circles). Air-dry the filters. 
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9. Wash the filters once in cold 10^5 TCA, twice in 5* TCA, once in 
70% ethanol, and twice in 95% ethanol (200 ml in each wash). 
Air^y. 

10. Immerse filters in scintillation vials containing a toluene based 
counting fluid and assay for radioactivity in a liquid scintillation 
spectrometer. 

Velocity sedimentation through neutral sucrose gradientss 

1. Prepare a neutral sucrose gradient as follows: Pipet a 1 ml cush¬ 
ion of sterile 70% (w/v) sucrose directly into the bottom of a poly- 
allomer centrifuge tube. FUter-sterilize 5% (w/v) sucrose and 20% 
(w/v) sucrose solutions containing 20 mM Tris-HCl (pH 7.3), 1 M 
NaCl, and 4 mM EDTA, Form the linear 5-20% sucrose gradient of 
10-11 ml over the 1 ml sucrose cushion using a mixing chamber 
and peristaltic pump (Buchler Instruments, Fort Lee, New Jersey). 

2. Resuspend nuclei in 60 nl neutral lysis buffer as for isopycnic cen¬ 
trifugations. Incubate at 65 C for 2 min. 

3. Lyse by the addition of 240 m 1 buffer containing 100 mM NaCl, 100 
mM EDTA, 100 mM Tris-HCl (pH 7.8), 1% SDS, and 100 iig/ml pro¬ 
teinase K. A radioactive marker of ^^P bacteriophage DNA (A., S 
= 32, or fd, S = 16.5) is mixed with the lysate prior to layering. 

4. After incubation at 65 C for 15 min, gently pour the viscous lysate 
directly onto the top of the neutral sucrose gradient. 

5. Centrifuge in a Beckman SW41 rotor at 38,000 rpm at 15 C for 3-6 
hr. 

6. Fractionate the gradient and assay for radioactivity as for CsCl 
gradients. 

7. If protoplasts are to be lysed directly rather than nuclei, 1% (v/v) 
diethylpyrocarbonate (Sigma) is added to the lysing buffer. 

Velocity sedimentation through alkaline sucrose gradients: 

1. Linear 5-20% alkaline sucrose gradients are formed as above for 
neutral gradients except the sucrose solutions contain 0.2 N NaOH 
and 10 mM EDTA. 

2. Resuspend nuclei in 60 nl of buffer containing 20% (w/v) sucrose, 
100 mM NaCl, 50 mM EDTA, 10 mM Tris-HCl (pH 8.0), and pro¬ 
teinase K (100 jig/ml). 

3. Incubate at 65 C for 2 min. 

4. Lyse by the addition of 240 jd of solution containing 0.25 N NaOH, 
20 mM EDTA. Mix gently. 

5. Pour directly onto the top of the alkaline sucrose gradient. 

6. Centrifuge and fractionate as above for neutral sucrose padients. 

7. For direct lysis, labeled protoplasts are resuspended on ice in 60 |j 1 
of buffer containing 20 mM Tris (pH 8.0), 50 mM EDTA, 0.2 M KCl, 
and 1% diethylpyrocarbonate, and lysed by the addition of 200 jd 
of solution containing 0.25 N NaOH, 50 mM EDTA, and 1% di- 
ethylp 3 ^ocarbonate. The lysate is mixed gently, poured directly 
onto the alkaline sucrose, and centrifuged as above. 
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FUTURE PROSPECTS 

Basic research on DNA replication in higher plants leads to the con¬ 
clusion that the primary features of organization of the genome for 
replication are quite similar in plants and animals. The size of the 
basic replication unit or replieon, the rate of replication fork move¬ 
ment, the nature of transient replication intermediates, the replication 
enzymes, and the temporal and spatial structure of replication within 
the S phase of the cell cycle, aU appear to have been fundamentally 
conserved within higher eukaryotic organisms. 

Differences, however, exist in cellular control mechanisms in plants 
and animals, because of differences in the nature of the organism's 
capacity to respond to the environment. It is reasonable to expect 
these differences to be also manifested in some aspects of the regula¬ 
tion of DNA synthesis, and data from some of the studies discussed 
previously do point in that direction. Future basic research in DNA 
replication in higher plants will likely focus in the following areas: (a) 
The isolation of conditional lethal (cold-sensitive or temperature-sensi¬ 
tive) mutant cell lines in tissue culture. This will permit the genetic 
dissection of the replication process through genetic complementation 
studies by somatic ceU hybridization. Mutant cell lines will also be 
important in studying biochemical complementation in an in vitro DNA 
synthesis system, (b) The improvement of methods for in vitro DNA 
synthesis. DNA synthesis in isolated nuclei permeable to proteins or in 
concentrated nuclear lysates will be critical in identifyii^ and charac¬ 
terizing the gene products essential for replication. Progress will be 
required to increase the extent Oength) of total synthesis, the capacity 
for initiation at replication origins, and the full genomic sequence par¬ 
ticipation in such in vitro systems, (c) Sequence specificity initiation 
of replication. It is not at all clear whether the regulation of initia¬ 
tion of replication is exercised simply at the level of DNA sequence 
specificity or whether other levels such as higher order periodic fea¬ 
tures of chromatin structure are involved. 

While progress in the above areas will greatly increase our know¬ 
ledge of the basic biochemistry of DNA replication, the question of 
DNA stability is one of practical importance in crop improvement pro¬ 
grams utilizing plant tissue culture methods. The increasing base of 
data on genomic variability in plants leads to concern over the effects 
of tissue culture regimes on genetic stability. It is clear that plants 
can respond to environmental stress by selective amplification or de¬ 
amplification (loss) of certain DNA sequences. The mechanisms behind 
such a response are unknown, but mist involve alteration in the regu¬ 
lation of the replication of the DNA sequences involved. The ability 
to control precisely the environment of cultured cells should facilitate 
the study of this important phenomenon in hopes that it can be exploi¬ 
ted for selectively amplifying desired selectable genes (and hence, gene 
IH*oducts) or for controlling (limiting) the loss of imseleetable genes or 
sequences. In any event, further knowledge on the relationship be¬ 
tween DNA replication and genetic stability will be most useful in 
understanding and exploiting tissue culture and genetic engineering 
methods for crop improvement. 
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CHAPTER 20 

Biochemistry of 
Somatic Embryogenesis 

V Raghavan 


One of the finest endeavors in the history of plant tissue culture has 
been the cultivation of free cells and cell groups derived from higher 
plants, especially the angiosperms, in a chemically defined liquid medi¬ 
um as a suspension (suspension culture) and manipulation of their regen¬ 
erative potential by changes in the hormonal balance of the medium. 
One type of regeneration frequently observed in suspension cultures is 
the development, in large numbers, of embryo-like structures that re¬ 
capitulate with a high degree of precision the typical stages in the 
embryogenesis of a fertilized egg cell. Since the embryos are formed 
from the sporophytic or somatic cells of the plant, as opposed to gam- 
etophytic or germ cells, the phenomenon is conveniently referred to as 
somatic embryogenesis. The cryptic potentiality of cells of angiosperms 
to grow as callus, the callus to dissociate into free cells, and free 
cells to regenerate whole plants by recapitulating stages of embryo¬ 
genesis is so widespread that it must be considered as a general prop¬ 
erty of this group of plants. Where it has not been possible to demon¬ 
strate this capacity by existing techniques, it is probably due to 
special inhibiting conditions within the system, rather than to its un¬ 
specialized or primitive state. 

Somatic embryogenesis was first clearly described in domestic carrot, 
Daucus carota L., and to date the carrot system is the most compre¬ 
hensively studied with respect to culture conditions and developmental 
physiology and biochemistry of somatic embryogenesis. A callus that 
yields^ free cells is the starting point for the study of somatic embryo¬ 
genesis in carrot, and one must be familiar with basic manipulative 
techniques and experimental conditions that allow embryogenic type of 
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growth in these cells in order to appreciate the questions asked in bio¬ 
chemical research. That is the goal of the paragraphs that immediate¬ 
ly follow. Next, this chapter describes the directions in which bio¬ 
chemical investigations have been pressed to gain an insight into the 
mechanism by which an undifferentiated parenchymatous cell is trans¬ 
formed into a fuUy differentiated bipolar embryo-like structure. Final¬ 
ly, a brief account of the biochemical aspects of differentiation of 
pollen grains into embryos is also given. For a complete discussion of 
somatic embryogenesis, see Chapter 3; for the generation of haploid 
plants, refer to Chapter 5. 


INDUCTION OF EMBRYOGENESIS IN SUSPENSION CULTURES 

The procedures for developing and maintaining a suspension of carrot 
cells of high embryogenic potential available continuously for use in 
physiological and biochemical research may be described as follows. A 
callus is initiated from seedling hypocotyl or root segments obtained 
from carrot seeds germinated under aseptic conditions. The excised 
segment is placed on the surface of a nutrient medium solidified with 
agar and incubated in the dark to foster growth of a callus. The 
medium used is a high-nitrogen-containing mineral salt formulation such 
as that of Murashige and Skoog, supplemented with sucrose, an organic 
addendum includir^ myo-inositol, a source of iron like sodium ferric 
ethylenediaminetetraacetate, a cytokinin (KIN or ZEA), and an auxin, 
2,4-D. A suspension culture is initiated by transferring a piece of the 
callus into a liquid medium of the same composition, but with a re¬ 
duced amount of 2,4-D, and incubated on a horizontal shaker. Under 
these conditions the callus proliferates, releasing the superficial ceUs 
into the medium, where they multiply and cohere to form small cell 
aggregates. The liquid in which the free cells and cell aggregates 
grow is the suspension culture. The cellular units of an aliquot of this 
suspension, serially transferred at appropriate intervals to fresh media 
possess the capacity to differentiate into somatic embryos when chal¬ 
lenged in a medium of a different composition. 

Embryogenic type of growth is induced in the suspension culture 
when it is transferred to a medium from which 2,4-D is omitted. Un¬ 
der these conditions, the first sign of embryogenesis are observed in 
about 4-5 days when clumps of cell aggregates are transformed into 
globular embryos. To obtain a homogenous inoculum, the suspension is 
graded as to unit size by filtration on stainless steel or nylon screens 
of different pore sizes and washed with the basal medium before trans¬ 
ferring to fresh media with or without 2,4-D (Fujimura and Komamine, 
1975; Sengupta and Raghavan, 1980a). This technique allows analysis 
of cell aggregates of the same size and age during growth in the undif¬ 
ferentiated state or during embryogenic development. In another 
method to obtain high yields of somatic embryos of particular stages of 
development, Warren and Fowler (1977) separated globular, heart- 
shaped, and torpedo-shaped embryos by filtering the suspension culture 
successively through glass beads of different sizes. Any contaminating 
cells and cell clumps were removed from the fractions by centrifugation 
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through FicoU to yield nearly homogenous bulk samples of viable 
embryos. This method is, however, of limited value, since homogenous 
fractions of embryogenic cells prior to the globular stage cannot be ob¬ 
tained by this method. Recently, Fujimura and Komamine (1979) estab¬ 
lished conditions to obtain high yields of synchronously developing 
carrot somatic embryos of different stages of development. In this 
method cells and cell clusters from a stationary phase suspension cul¬ 
ture retained on a 31-47 |im screen were initially subjected to density 
gradient centrifugation in FicoU solution. Next, the heaviest fraction 
from the FicoU gradient was repeatedly centrifuged at a low speed (50 
g) for a short time (5 see) untU most of the contaminating vacuolate 
cells were removed. When the final fraction was transferred to an 
embryo-inducing medium, the ceU clusters exhibited a high degree of 
synchrony in embryogenesis, with more than 90% frequency. 

Although it would appear from the above description that a ceU sus¬ 
pension of embryogenic cells is an exceUent model of a differentiating 
system in which aU biochemical steps of embryogenesis beginning with 
the single progenitor ceU can be studied in a clonal population, this 
goal has hardly been achieved. Moreover, since most of the results 
have come from work done with carrot ceU suspension, their validity to 
other systems cannot be taken for granted. 


CHANGES IN MACROMOLECULE COMPOSITION 

In determining the changes in the composition of macromolecules 
during growth cycle in a tissue, the usual aim is to obtain a quantita¬ 
tive measure of the rates of synthesis of the macromolecules and of the 
increase or decrease in their amounts due to synthesis minus degrada¬ 
tion. The macromolecules on which most attention has been focused 
are nucleic acids and proteins. Although different groups of workers 
have followed the metabolism of DNA, RNA, and proteins during growth 
and embryogenic development in carrot ceU suspension, as shown below, 
because of differences in the nature of the starting materials used, and 
because of the lack of synchrony in the cultures, some discrepancies 
have become apparent in the data obtained. 

Verma and DougaU (1978) found that DNA content of carrot ceU 
clumps in the range of 63-125 urn in diameter grown in a medium con¬ 
taining auxin, increased exponentiaUy until the ninth day, after which 
it slowed down, apparently because of limiting nutrient conditions of 
the culture. A similar pattern of DNA accumulation was observed in 
the embryogenic cells grown in the absence of auxin, except that in 
these cells DNA continued to increase beyond 10 days. On the other 
hand, using a synchronized cell culture, Fujimura et al. (1980) have 
established that compared to nonembryogenic cells of carrot growing in 
a medium enriched with auxin, embryogenic cells growing in the ab¬ 
sence of auxin exhibited a higher DNA content at 3-4 days after cul¬ 
ture and coincident with the appearance of the first globular embryos. 
As shown by ^H-thymidine incorporation (Fig. 1) a rapid replication of 
chromatin and nuclear materials in cells growing in a medium lacking 
2|4rD after about 3 days is a biochemical transition point in anticipa¬ 
tion of embryogenic induction. 
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Figure 1. Changes in the rate of incorporation of 3H-thymidine into 
perchloric acid-insoluble fraction of carrot cells subcultured in the 
presence (•) or absence (o) of 2,4-D in the medium. Cells were pulsed 
with 10 |iCi ^H-thymidine in 2 ml medium for 1 hr; radioactivity is ex¬ 
pressed as cpm/tube (from Fujimara et al., 1980). 

From the work of Verma and Dougall (1978) it appeared that RNA 
and protein contents of embryogenic and nonembryogenie cells of carrot 
increased at similar rates up to 6 days after transfer to new media; 
thereafter the nonembryogenie cells accumulated more RNA and pro¬ 
teins than the embryogenic cells. In contrast, other workers have 
noted slight increases in RNA (Sengupta and Raghavan, 1980a) and pro¬ 
tein (Fujimura et al., 1980; Sengupta and Raghavan, 1980a) contents of 
embryogenic cells even at earlier periods after transfer to new media. 
Although the reasons for this discrepancy remain unclear, the results 
have provoked further analysis of the role of RNA and protein metabol¬ 
ism during embryogenic induction in carrot cell cultures. 

It seems clear that more RNA and protein are synthesized in the 
embryogenic cells than in the nonembryogenie cells during the period oi 
their culture preparatory to the appearance of embryos. Tlie pulse- 
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labeling experiments of Fujimura et al. (1980) using ^H-uridine and ^h- 
leucine as precursors of RNA and protein synthesis, respectively, have 
demonstrated that embryogenic cells of carrot incorporate the precurs¬ 
ors into respective macromolecules at a higher rate than nonembryo- 
genic cells beginning about 2 days after culture. Since the increased 
RNA and protein accumulation observed in the embryogenic cultures is 
too small to be accounted for by increased synthesis, it has been sug¬ 
gested that there is an active turnover of RNA and protein in the em¬ 
bryogenic cells. This is in agreement with the results of Sei^pta and 
Raghavan (1980a), who found that in short-term labeling experiments 
the rate of RNA and protein synthesis in the embryogenic cells in¬ 
creased appreciably over that of nonembryogenie cells as early as 2 to 
4 hr after transfer to new media (Fig. 2,3). The increased RNA syn¬ 
thetic activity of the embryogenic cells continued up to 12 hr after 
their transfer to a medium lacking auxin. Since no new cells are 
formed in the suspension culture during the first 12 hr after transfer, 
the augmentation of RNA synthesis is, in all likelihood, due to cellular 
RNA synthesis. Another small peak in RNA synthetic activity of the 
embryogenic cells was seen at 96 hr after transfer, coincident with the 
formation of the first embryos. Although overall these results indicate 
that an increased synthesis of RNA and protein is associated with 
induction of somatic embryos in carrot cell suspension, interpretation of 
the data is also complicated by the well-known effects of 2,4-D non- 
specifically stimulating RNA and protein synthesis in plants. Thus the 



Figure 2. Rates of protein synthesis in embryogenic (o) and non¬ 
embryogenie (•) carrot cell suspension during the first 24 hr of sub¬ 
culture. At specific times, samples were pulsed with ^H-leucine (2.5 
kCi/ml in 5 ml medium) for 1 hr. Vertical lines represent 2x standard 
error of 3 replicates (from Sengupta and Raghavan, 1980a). 
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Figure 3. Rates of RNA synthesis in embryogenic (o) and nonembryo- 
genic (•) carrot cell suspension during the first 24 hr of subculture. 
At specific times, samples were pulsed with 2.5 (iCi/ml ^H-adenosine 
for 1 hr and mol of ATP in RNA determined according to the method 
of Emerson and Humphreys (1971). Vertical bars represent 2x standard 
error of 3 replicates (from Sengupta and Raghavan, 1980a). 

effect of an auxin-free medium on carrot cell suspension could be part¬ 
ly attributed to the promotion of synthesis of specific RNA and pro¬ 
teins involved in embryogenesis, and partly to the inhibition of the syn¬ 
thesis of certain RNA and proteins necessary for undifferentiated 
growth. 

Sengupta and Raghavan (1980b) have attempted to characterize the 
nature of RNA synthesized during the early hours of transformation of 
somatic cells of carrot into embryogenic cells by acrylamide gel elec¬ 
trophoresis and affinity chromatography on an oligo (dT) cellulose col¬ 
umn of single- and double-labeled RNA. In the double-labeling experi¬ 
ment, embryogenic carrot cells growing in a medium lacking 2,4-D were 
labeled with ^H-adenosine, while nonembryogenic cells of the same age 
growing in a medium containing auxin were labeled with l'^C-adenosine. 
The control experiment consisted of labeling nonembryogenic cells in 
two separate sets with ^H-adenosine and i^C-adenosine. After incuba¬ 
tion in the isotopes, the two sets of cells were mixed together and 
used for extraction of RNA. Electrophoretic separation of RNA was 
carried out on acrylamide gels containing 2.5% acrylamide, 0.125% bis- 
acrylaraide, and 0.5% agarose. Following electrophoresis, the gel was 
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cut into 1 mm slices and radioactivity due to and in each slice 
determined by scintillation counting. The ratios of to cal¬ 
culated were plotted against gel slice number correspondii^ to UV 
absorption profile. 

To isolate poly(A)-rich RNA, labeled total RNA was dissolved in a 
binding buffer (0.01 M Tris-HCl, pH 7.5, 0.4 M NaCl; 0.5^ NaDodS04) 
along with yeast carrier RNA. It was then mixed with oligo(dT)-cellu- 
lose that was previously equilibrated with the binding buffer. After 
centrifugation, the supernatant was removed. The oligo(dT)-cellulose 
was washed with the binding buffer until no more radioactive RNA was 
eluted, combined with supernatants constituting poly(AHaeking RNA. 
The poly(A)-rich RNA was eluted with 0.01 M Tris-HCl (pH 7.5) and 
0.0556 NaDodSOt and was precipitated in ethanol. 

To isolate poly(A) segments, bound RNA eluted from oligo(dT)-cellu- 
lose column was initially incubated in pancreatic RNase. RNase Ti 
was then added, and RNA resistant to the enzymes was precipitated 
with trichloroacetic acid. Radioactivity in the precipitate due to 
poly(A) segments was determined by scintillation counting. 

Data derived from these experiments suggest the following effects of 
auxin omission from the medium on the type of RNA synthesized by 
cells. As early as 6 hr after transfer of cells to a medium lacking 
auxin, there was a decrease in the rate of synthesis of rRNA, concomi¬ 
tant with an increased synthesis of minor species of RNA in the 12S- 
18S region (Fig. 4). On the other hand, embryogenic cells synthesized 
poly(A) containing RNA (Poly A + RNA) at a higher rate than the non- 
embryogenic cells during an experimental period of 96 hr (Fig. 5). 
Since it is generally assumed that addition of poly(A) residues to mRNA 
is a prerequisite for its use as an active message, these results point 
to the hypothesis that removal of auxin from the medium controls the 
biochemical events of embryogenesis by eliciting the synthesis of 
poly(A) containing mRNA. 

Yet the evidence does not ascribe a triggering role for newly syn¬ 
thesized mRNA in embryogenic induction. We have seen earlier that 
transfer of cells to a medium lacking auxin is followed by a stimulation 
of protein synthesis, and the question is whether these proteins are 
translated on newly synthesized mRNA templates. In other words, to 
what extent do mRNAs synthesized by cells while they are bathed in 
the auxin-enriched medium direct embryogenesis, as opposed to those 
that are made after cells are transferred to a medium lacking auxin? 
Results of studies using cordyeepin, an inhibitor of polyadenylation, 
have pointed to the tentative conclusion that embryogenic induction in 
carrot cells growing in a medium devoid of auxin is controlled both at 
the transcriptional and translational levels (Sengupta, 1978). For ex¬ 
ample, it was noted that when cells were transferred to an auxin-free 
medium containii^ 10.0 mg/1 cordyeepin, which inhibited polyadenylation 
by 90^, somatic embryo formation proceeded to an arrested globular or 
heart-shaped stage. Since inhibition of polyadenylation does not inhibit 
protein synthesis in the embryogenic cells, it seems that proteins syn¬ 
thesized by the cells during the early hours of their growth in an 
auxin-free medium are not translated on newly transcribed poly(A) + 
RNA. Presumably, mRNAs made by the cells while they are still in 
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Figure 4. ^H;*^C ratios of double-labeled RNA from acrylamide gel 

slices. Carrot cells growing in an auxin-free medium were labeled for 
2 hr with ^H-adenosine (3.0 uCi/ml) at 6, 12, 24,, and 96 hr. Cells 
growing in an auxin-enriched medium were labeled for 2 hr with '^C- 
adenosine (1.0 (iCi/ml) at the same time intervals. RNA extracted from 
the^ combined cell mixture was analyzed electrophoretically and radio- 
actiyity due to and ^''C in the gel slices determined. The ratios 
of H: C calculated from the data are plotted against gel slice 
number corresponding to UV absorption profile. Controls consisted of 
cells CTowing in the auxin-enriched medium labeled in 2 separate sets 
198*0b) **C-adenosine (from Sengupta and Raghavan, 

contact with auxin are able to sustain protein synthesis during the 
early period of their growth in the auxin-free medium. The fact that 
the cell clumps differentiating in the auxin-enriched medium do not be¬ 
come fully embryogenic suggests that the messc^e component of RNA 
synthesized is masked in some way until the cells sire transferred to a 
medium lacking auxin. If this assumption is correct, and this is not 
unre^onable, a major contribution to further our knowledge of the bio¬ 
chemistry of somatic embryogenesis would be an analysis of the mech¬ 
anism by which mRNA is unmasked. 

^ The complexity of the biochemical events during somatic embryogene- 
sis in carrot thus makes it seem probable that rather than being solely 
involved in promoting undifferentiated growth, 2,4-D might be directing 
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Figure 5. Rates of poly(A) + RNA synthesis in embryogenic (o) and 
nonembryogenic (•) carrot cell suspension. At specified times, cells 
were labeled with ^H-adenosine (2.5 iiCi/ml) for 2 hr. RNA was ex¬ 
tracted and poIy(A) + RNA isolated. Results are expressed as percent- 
^e of counts due to poly(A) + RNA in total RNA. Points represent 
mean of 4 replicates (from Sengupta and Raghavan, 1981b). 

part of a repertoire of changes leading to embryogenesis. From an 
ultrastructural study of embryogenesis in carrot ceU suspension, Halper- 
in and Jensen (1967) have contended that embryogenic induction prob¬ 
ably occurs during isolation and growth of tissues in the auxin-contain¬ 
ing medium, although formation of more organized structures remini¬ 
scent of zygotic embryos is prevented as long as auxin is present in 
the medium. Recently, Sung and Okimoto (1981) have studied the pro¬ 
file of newly synthesized proteins of nonembryogenic and embryogenic 
cells of carrot by two-dimensional gel electrophoresis. In this work, 
using ^H-methionine to label the proteins, the authors have identified 
two proteins, designated as embryonic proteins, in 12-day-old embryo¬ 
genic ceUs (Fig. 6). The surprising finding was that regardless of the 
presence or absence of 2,4-D in the medium, these proteins were syn¬ 
thesized by the cells during the early days of their growth in fresh 
media, but in the presence of 2,4-D the proteins gradually diminished 
and completely disappeared after 12 days. Since the cell suspension 
grown in the presence of 2,4-D had globular embryogenic masses of 
cells, it seems that synthesis of embryonic proteins is an early event of 
embryogenesis triggered by auxin, but by its very presence in the 
medium auxin also prevents the continued synthesis of these proteins 
npnAcenmr fnp omhrvncrpnesis cominE to fruitlon. Thus the development- 
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Figure 6. Autoradiographs of soluble polypeptide profiles of carrot 
cells grown in the nonembryogenic (left) and embryogenic (right) media 
for 12 days. Cells grown in media with or without 2,4-D were labeled 
with S-methionine and extracts separated by native NaDodS 04 poly¬ 
acrylamide gel electrophoresis. The one dimensional NaDodS 04 gel of 
the nonembryogenic cells is also shown on the left. El and E2 are 
embryogenic proteins preferentially synthesized in the cells growing in 
an auxin-free medium (from Sung and Okimoto, 1981; print kindly sup¬ 
plied by Dr. Z. R. Sung). 

al versatility of the carrot ceU suspension may stem from the action of 
embryonic proteins that ser\e as early markers of differentiation. Sig¬ 
nificant changes in protein composition as indicated by increasing or 
decreasing staining intensity of bands on acrylamide gels have also 
been noted during embryogenesis in petiole explants of Chinese celery, 
Apium graveolens L. (Zee et al., 1979). 


ROLE OF THE GENOME 

It appears from the preceeding that the genome exerts a major im¬ 
pact on the transition of somatic cells of carrot into embryo mother 
cells. Since the genes for embryogenesis are apparently transcribed 
under special cultural conditions that inhibit undifferentiated growth of 
the cells, can we assume that embryogenesis is associated with changes 
in the quality or quantity of chromosomal proteins? One way to an¬ 
swer this question is to isolate chromatin (a complex mixture of DNA, 
histones, acid proteins, and possibly some RNA) and study the proper¬ 
ties of histones and nonhistone nuclear proteins as a function of em- 
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bryogenic development. Of the two classes of nuclear proteins, his¬ 
tones have loi^ been favored as regulators of gene activity, particular¬ 
ly as a mechanism for silencing gene expression by inhibiting transcrip¬ 
tion (Huang and Bonner, 1962). However, other studies have tended to 
minimize the role of histones in gene expression because they seem to 
lack specificity. Consequently, considerable attention has been direc¬ 
ted toward nonhistone chromosomal proteins as regulators of gene ex¬ 
pression (Stellwagen and Cole, 1969). Although no qualitative differ¬ 
ences were noted in the histone composition between embryogenic and 
nonembryogenic cells of carrot, the percentage of histone Hi to the 
total histone was found to be lower in the embryogenic than in the 
nonembryogenic cells (Gregor et al., 1974; Fujimara et al., 1981). It 
has been suggested that this is related to structural changes in the 
chromatin of embryogenic cells to facilitate gene expression (Fujimara 
et al., 1981). On the other hand, changes in several minor bands were 
characteristically observed in the electrophoretic profile of nonhistone 
proteins of embryogenic cells. Moreover, preparations of nonhistone 
proteins from 14-day-old embryogenic cells were more effective in re¬ 
storing histone-inhibited, DNA-directed, RNA synthesis than similar pre¬ 
parations from nonembryogenic cells (Matsumoto et al., 1975). It is 
interesting to note that the increased capacity of nonhistone proteins 
to make chromatin accessible to transcription occurs just at about the 
same time as two embryonic proteins are detected in the cells (Sung 
and Okimoto, 1981). From these experiments the extent to which 
changes in histones or nonhistone proteins poise or arrest embryogene¬ 
sis in carrot cells by controlling the activity of DNA template remains 
uncertain. We still have to learn more about the interaction of DNA 
and chroniosomal proteins of the intact nuclei of embryogenic and non- 
embryogenie cells before precise correlations of changes in the proper¬ 
ties of histones and nonhistone proteins to embryogenic processes can 
be attempted. 


OTHER BIOCHEMICAL CHANGES 

Apart from nucleic acid and protein synthesis, many other areas of 
metabolism are also undoubtedly involved in embryogenic differentiation. 
This is particularly true of a suspension culture, since the somatic 
embryo mother cell, unlike a zygote, is a simple parenchymatous cell 
which is relatively undifferentiated for the anticipated developmental 
tKk. Unfortunately, very few studies have been carried out on other 
biochemical events involved in somatic embryogenesis, and where infor¬ 
mation is available the contribution of such events to the processes of 
determination and subsequent cellular differentiation is uncertain. Mon¬ 
tague et al. (1978) have shown that there is a significant difference in 
polyamine metabolism between embryogenic and nonembryogenic cells of 
carrot. For example, putrescine levels in the embryogenic cells were 
enhanced nearly twofold over the control within 24 hr of their transfer 
to a medium lacking 2,4-D. In line with this observation the activity 
of arginine decarboxylase (arginine carboxylase, EC 4.1.1.19), an en¬ 
zyme in the synthesis of putrescine from arginine, was found to be 
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higher in the embryogenic cells than in their nonetnbryogenic counter¬ 
part; moreover, the difference in the enzyme activity was noticeable 
within 6 hr after transfer of cells to the embryogenic medium (Monta¬ 
gue et al., 1979). Althoi^h these results might indicate a role for 
arginine decarboxylase in somatic embryogenesis of carrot, specifically 
in the regulation of putrescine levels, the question of whether it repre¬ 
sents an effect on terminal gene expression requires further study. 

Electrophoretic variations have been reported for several isozymes of 
carrot cells OTown in embryogenic and nonembryogenic media (Lee and 
Dougall, 1973). Greatest differences were observed in the pattern of 
glutamate dehydrogenase (1-glutamate; NAD oxidoreductase, EC 1.4.L2 
and L-glutamate: NADP oxidoreductase, EC 1.4.1.4) which was repre¬ 
sented by only slowly migrating bands in the embryogenic cells while 
the nonembryogenic cells had in addition faster migrating bands. Ac¬ 
cording to Koehba et al. (1977) an embryogenic line of Shamouti orange 
callus showed an upsurge of peroxidase activity concomitant with the 
appearance of embryos. A particularly interesting finding was that at 
the time when the rise in activity was under way, a new band typical 
of the embryogenic cell line was also detected in the isozyme profile 
of the enzyme. From a causal point of view, the pattern of enzyme 
changes during embryogenesis remains obscure. The small amount of 
evidence available suggests that isozyme changes in glutamate dehydro¬ 
genase are connected with nitrogen metabolism of the embryogenic 
cells. 

In another biochemical approach, lipid and fatty acid profiles of car¬ 
rot cells were found to exhibit quantitative rather than qualitative 
changes during embryogenesis (Warren and Fowler, 1979). Such changes 
were seen particularly during the transition of smell meristematic 
groups of cells grown in a medium lacking 2,4-D into later stages of 
somatic embryos. In this system a decrease in the level of dissolved 
oxygen in the cell suspension which led to an increase in the cellular 
levels of ATP was found to induce embryogenesis (Kessell et al., 1977). 
A histochemical analysis of embryogenesis in callus cultures of Corylus 
avellana L. and Paulownia tomentosa Stued. has shown a significant in¬ 
crease in starch content of the cells from which somatic embryos dif¬ 
ferentiate; the starch content of cells also remained high during embryo 
development (Radojevie et al., 1979). 


BIOCHEMICAL ASPECTS OF POLLEN EMBRYOGENESIS 

In contrast to the somatic cells, eggs and sperm, and the associated 
cells of the gametophyte, are designated as sexual reproductive cells or 
germ cells. Germ cells have their origin in simple diploid parenchyma¬ 
tous cells that in other circumstances differentiate into specialized 
somatic cells. Since germ cells are born out of a reduction division 
somatic cells, embryos formed from germ cells in the absence of fertili¬ 
zation are haploids at the cellular level. 

The pollen grain, or microspore, is the first cell of the male gameto- 
phytic generation of angiosperms in which two distinct phases can be 
recognized. First, while still enclosed in the microsporangium, the 
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pollen grain divides asymmetrically to yield a small generative cell and 
a large vegetative cell. Next, in the natural environment of the stig¬ 
ma, or under artificial culture conditions in the laboratory, the pollen 
grain enters the germination phase, characterized by the formation of a 
pollen tube. Upon germination of the pollen grain, the generative cell 
and the nucleus of the vegetative cell loose from its cytoplasm move 
into the emergii^ pollen tube. During subsequent growth of the poUen 
tube, the generative cell divides to form two sperms which are in¬ 
volved in the act of double fertilization in the embryo sac. On the 
other hand the nucleus of the vegetative eeU disintegrates or remains 
as a vestigial organelle in the pollen tube. Althoi^h pollen grains are 
thus programmed for terminal differentiation, culture of anthers of cer¬ 
tain plants at an appropriate stage of development in a simple mineral 
salt medium has been shown to evoke repeated divisions in a small pro¬ 
portion of the enclosed pollen grains. The multicellular pollen grains 
thus formed subsequently differentiate into haploid embryos and plant- 
lets. This phenomenon is known as pollen embryogenesis or anther 
androgenesis. It is recognized that the transformation of pollen grains 
into embryos does not fall within the preview of somatic embryogenesis. 
However, in both somatic embryogenesis and pollen embryogenesis, cells 
that have not embarked upon a pathway of irreversible differentiation 
within an already committed plan exhibit their inherent genetic poten¬ 
tial in the same way and to the same extent as a zygote; for this 
reason an account of our present status of knowledge of the biochemis¬ 
try of pollen embryogenesis is included here to complement the infor¬ 
mation on the biochemistry of somatic embryogenesis presented in the 
preceding pages. 

Biochemical changes associated with the transformation of pollen 
grains into embryos have been largely inferred from cytochemical and 
autoradiographic studies. In plants such as Nicotiana tabacum L. 
where the embryo is formed by the repeated division of the vegetative 
cell there is an apparent lack of RNA and protein accumulation in the 
embryogenic pollen grains, while poUen grains that mature and com¬ 
plete the gametophytic program in culture accumulate relatively large 
amounts of these macromolecules (Bhojwani et al., 1973). On the basis 
of these results it has been claimed that the initial event of embryo- 
genic induction is a suppression of the gametophytic program. This 
will ensure that genes coding for proteins involved in embryogenic divi¬ 
sions can be expressed fully without being masked by the simultaneous 
expression of genes for pollen germination and pollen tube growth. 
Similarly, in embryogenic pollen grains of Datura irmoxia Mill, there 
was a period of reduced RNA accumulation Immediately after culture of 
anthers, although formation of vegetative and generative cells was fol¬ 
lowed by an increase in the pyroninophily of the cytoplasm. During 
the same time span the histone content of the pollen first increased 
and then decreased (Sangwan-Norreel, 1978). According to Sangwan 
(1978) there was a rapid turnover of amino acid metabolism durii^ 
pollen embryt^enesis in D. metel L.; however, since the analysis w^ 
carried with cultured anthers, it is not certain whether the changes in 
amino acid titre occurred in the somatic tissues of the anther or in 
the enclosed pollen grains. In Hyoscyamus niger L., where a proper- 
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tion of embryos originate by the division of the generative cell of the 
bieeUular pollen, Raghavan (1979a,b) has shown that the pollen grains 
become embryogenically determined as early as the first hour of culture 
of anthers and that this is accompanied by the synthesis of autoradio- 
graphically detectable RNA. After the first haploid mitosis, embryo- 
genic divisions are initiated in pollen grains in which the generative 
cell nucleus or both vegetative and generative cell nuclei synthesize 
RNA, whereas those in which RNA synthesis occurs exclusively in the 
nucleus of the vegetative cell become starch-filled and nonembryogenie. 
Thus poUen embryogenesis in H. niger appears to be correlated with an 
initial level of RNA synthesis in the uninucleate pollen grain and in 
the generative cell formed afterward. 

Further work was directed to determine whether RNA synthesized by 
the embryogenic pollen grains contains any nonribosomal RNA that 
carries information for embryogenic divisions (Raghavan, 1981). In this 
work the distribution of poly(A) + RNA during pollen embryogenesis was 
followed by in situ hybridization with ^H-polyuridylic acid ^H-poly(U) 
in histological preparations of anthers at different times after culture. 
Results of these studies have shown that appreciable binding of the iso¬ 
tope occurred in a small number of uninucleate, embryogenically deter¬ 
mined poUen grains within a few hours after culture of anthers, while 
the majority of pollen grains, which are nonembryogenie, do not bind 
any ^H-polyiU). Lack of ^H-poly(U) bindii^ in the uninucleate, embry¬ 
ogenic pollen grains of anthers cultured in a medium containing actino- 
myein D, has led to the conclusion that a poly(A) containing mRNA is 
newly synthesized by poUen grains as they establish contact with the 
nutrient medium. This mRNA is probably concerned with embryogene¬ 
sis, since uninucleate pollen grains do not bind ^H-poly(U) at the time 
of culture or at earlier stages in their ontogeny. Comparative analysis 
of ^H-poly(U) bindir^ activity in the nuclei of the generative and vege¬ 
tative cells during gametogenesis and during induced pollen embryo¬ 
genesis has provided some insight into how they respond to different 
developmental signals. These data have established that during the 
normal ontogeny of the pollen the nuclei of the generative and vegeta¬ 
tive cells are only transiently active in binding ^H-poly(U). The strik¬ 
ing feature of the potentiaUy embryogenic binucleate poUen grains is 
the continued transcriptional activity of the nucleus of the generative 
cell, as indicated by ^H-poly(U) binding in the cytoplasm in the vicin¬ 
ity of this nucleus. OveraU, these studies have led to the conclusion 
that as a result of the trauma of excision and culture of the anther, a 
certain proportion of the enclosed pollen grains change their develop¬ 
mental program by the synthesis of poly(A)-containing RNA which prob¬ 
ably codes for enzymes necessary to induce the first haploid mitosis. 
Subsequent embryogenic divisions of the poUen grains are mediated by 
the synthesis of additional and perhaps new mRNA by the nucleus of 
'.he generative ceU. On the other hand, synthesis of mRNA by the 
nucleus of the vegetative cell perpetuates part of the gametophytic 
program that leads to starch accumulation. 

From the above account, the paraUels between the biochemical 
changes that result in the deflection of a somatic eeU and a poUen 
grain in the embryogenic pathway are obvious. The precise course of 
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biochemical changes may vary, depending upon the experimental system 
and the conditions under which embryogenic induction is achieved. 


CONCLUDING COMMENTS 

At the present time, biochemical studies on somatic embryogenesis 
are restricted to the so-called model system, carrot. Similar studies 
should now be extended to other crop plants in which somatic embryo¬ 
genesis is accomplished by simple manipulative techniques. Even in 
plants where somatic embryos are produced with difficulty, knowledge 
of the molecular basis of differentiation can help to devise jffotocols to 
induce a high frequency of somatic embryogenesis. 

A formidable obstacle to our understanding of the biochemistry of 
pollen embryogenesis is the very low percentage of pollen grains in 
cultured anthers that become embryogenic. Therefore, biochemical data 
on embryogenic differentiation of pollen grains based on analysis of 
whole anthers must be viewed against an overwhelming background of 
nonembryogenic pollen. In the author's opinion, the challenge of un¬ 
raveling the biochemical and molecular changes during pollen embryo¬ 
genesis can only be met by formulation of techniques to induce pollen 
grains, routinely and in large numbers, in the embryogenic pathway. 
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CHAPTER 21 

Biochemical Mechanisms of 
Plant Hormone Activity 

H.-J. Jacobsen 

The most relevant breakthrough in the development of plant tissue 
culture techniques was the discovery of the morphogenetic activities of 
phytohormones, particularly those of the native and synthetic auxins 
and cytokinins. The identification of lAA as a native auxin, the inves¬ 
tigations on its multiple effects on plants, and the discovery of the 
synthetic auxins NAA and the other compounds from the phenoxy 
group, stimulated tissue culture research. In addition, the observation 
that the cytokinins are the active growth-regulating substances present 
in coconut water, together with intensive studies on the nutritional re¬ 
quirements of in vitro cultivated plant cells, led to the formulation of 
a number of culture media and procedures. These media and proced¬ 
ures proved to be a successful basis for serious tissue culture studies. 
The use of undefined extracts in tissue culture medium, e.g., coconut 
water, yeast, or malt extracts ended a rather long lag period in the 
development of plant tissue culture toward an application for crop im¬ 
provement. The use of defined concentrations of phytohormones per¬ 
mitted better reproducibility of experiments and the initiation of inves¬ 
tigations leadii^ to a more precise understanding of developmental pro¬ 
cesses in higher plants. 

Throughout this chapter, the term phytohormone is used instead of 
the term growth regulator for compounds having auxin and/or cytokinin 
activities, irrespective of their origin as native or synthetic. It is in¬ 
sinuated by the author that auxins and cytokinins, as well as other 
plant hormone or growth regulator compounds, control the induction 
and maintenance of developmental processes and probably differ from 
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growth promoting compounds e.g., vitamins, certain sugars, and some 
amino acids as well as essential minerals and other compounds. In this 
sense, the term "phytohormone" is used to obtain more precision. 
Since the basic mode of phytohormone action is yet uncertain, use of 
the term does not anticipate a mode of action in a strict analogy to 
the animal hormone system, although the author hypothesizes such an 
analogy for the initial steps of hormone action. 


PLANT TISSUE CULTURE: RELEVANT HORMONES 

The aim of this chapter is to outline biochemical mechanisms of plant 
hormone action. Thus it seems worthwhile to restrict the text to 
those hormones that are frequently used in in vitro studies of plant 
growth and development. The examples cited in this chapter are main¬ 
ly based on work with auxins (lAA, NAA, and 2,4-D) and cytokinins 
(ZEA, BA, 2iP, and KIN). In some instances, other auxins or auxin-like 
compounds have been found to be advantageous. The number of reports 
on the application of hormones other than auxins and cytokinins is 
rather limited, however, and the relevance of these hormones will be 
outlined briefly. There may be a wider application of these hormones 
in the future, as was indicated very recently by studies on the dynam¬ 
ics of endogenous hormones (Weiler, 1981). 


Auxins 

Analysis of the effects and mode of action of auxins is difficult, as 
conflicting results of auxin action have been reported for different tis¬ 
sues. One can generalize that some effect of auxins can be found in 
any living plant tissue, but it is very often impossible to prove whether 
this effect is a direct one or a secondary consequence of auxin appli¬ 
cation. 

Auxins are thought to control the following procedimes: (a) apical 
dominance, (b) ceU elongation in roots and shoots (with much lower 
concentrations in roots than in shoots), (c) H*'-extrusion and permeabil¬ 
ity changes of the plasmalemraa, (d) formation of ethylene, (e) induction 
of adventitious root formation, (f) enhancement of the respiration rate, 
(g) induction of disorganized growth at higher (herbicidal) concentra¬ 
tions, (h) inhibition of embryo formation in cell suspension cultures, (i) 
formation of parthenocarpic fruits in some species, and (j) mitotic irreg¬ 
ularities in long term tissue cultures. 

This stHl incomplete list of auxin effects may give an idea of the 
complexity required for the development of a model that would explain 
all these divergent observations in a comprehensive way. In fact, it 
appears to be unlikely that all auxin effects erne mediated by a single 
mechanism. 

The auxins most frequently used in tissue culture are listed in Fig. 
1. For a detailed history of auxin research, see Seeding (1961) and 
Thimann (1972). 
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Figure 1. The major auxins used in plant tissue culture; lAA (native 
auxin), NAA, and 2,4-D (synthetic auxins). 


Cytokinins 

The cytokinins have been used very successfully in plant tissue cul¬ 
ture prior to the discovery of their being the essential compounds in 
coconut water (van Overbeek et al., 1941). Cytokinins have been char¬ 
acterized by Miller et al. (1955) in immature seeds of Zea mays, and 
subsequently, in other plant tissues. The chemical nature of cytokinins 
indicates that they are derivatives of the purine base adenine. Kine- 
tin, the most widely used cytokinin, however, is not a native but a 
synthetic compound isolated by Miller et al. (1955) from yeast extract 
and old herring sperm after autoclaving. Kinetin has not been found in 
higher plant extracts to date. In contrast to the auxins and auxin-like 
substances, the cytokinins chemically represent a rather homogenous 
group (Fig. 2). 

In plant tissues, the cytokinins act as; (a) stimulators of cell divi¬ 
sion, (b) retardants of senescence, and (c) stimulators of seed germina¬ 
tion. 

Moreover, the cytokinins counteract the role of auxins in the control 
of apical dominance, and, in certain combinations with auxins, are nec¬ 
essary for the commitment of cuitured cells to organogenesis (Skoog, 
1971). From the large number of known cytokininractive purine deriva¬ 
tives, only the four shown in Fig. 2 are frequently used in tissue cul¬ 
ture media. 
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Figure 2. Cytokinins used in plant tissue culture; 2-isopentenyl aden¬ 
ine and zeatin (native cytokinins), kinetin and benzylamino purine (syn¬ 
thetic cytokinins). 


Gibber ellins 

Gibberellins have no significant effects of practical value in tissue 
culture experiments, although tobacco callus weight was reported to be 
enhanced by this hormone (Murashige, 1965; Lance et al., 1976). Most 
probably, this positive influence was due to ceU size enlargement, as 
has been reported by Singh and co-workers (1974) for a number of 
plant species. Also from a report of Skoog (1971), it is known that 
GAj exhibits some influence on tissue growth and organ formation in 
combination with auxins and cytokinins in tobacco, but generally the 
use of gibberellins in plant tissue culture was rather limited when com¬ 
pared to other phytohormones. However, recent sensitive and selective 
radioimmunoassays for the principle hormones in hormone-autotrophic 
cultures of Beta vulgaris revealed that both abscisic acid and gibberel¬ 
lins may play a role in the tissues during growth (WeUer, 1981). 


availability of phytohormones 

Since the first and rather trivial prerequisite for phytohormone action 
is the stable and defined availability of the hormones in the cells and 
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tissues, it seems worthwhile to pay some attention to mechanisms af¬ 
fecting availability. Generally the availability of phytohormones de¬ 
pends on (a) concentration and stability in the medium during prepara¬ 
tion, sterilization, and the culture period, and (b) uptake, translocation, 
and metabolism in the tissues during the culture period. 


Physical and Chemical Factors Affecting Phytohormone Concentrations 
in the Media 

In aqueous solutions, the native auxin lAA is degraded by acids, ion¬ 
izing radiations, UV-light, visible light in the presence of sensitizing 
pigments, and oxygen or peroxides in the presence of suitable redox 
systems (Sembdner et al., 1980). The most frequently observed destruc¬ 
tion process for lAA is decarboxylation, as has been reported by a 
number of authors. 

While the other widely used auxins like NAA and 2,4-D are rather 
stable against the above-mentioned factors, none of the auxins is affec¬ 
ted by autoclaving, except lAA under certain conditions; Loewenberg 
(1965) found some destruction of lAA in the presence of Mn^*, citric 
acid, and oxygen. 

According to Dekhuijzen (1971), the cytokinins KIN, ZEA, and 2iP 
show no breakdown products using chromatography in aqueous solutions 
up to 1 hr after autoclaving. On the other hand, when natural ex¬ 
tracts with nonactive 1-, 3-, or 9-substituted purines are autoclaved, 
callus growth stimulating N®-substituted compounds can be found. For 
this reason, the use of undefined autoclaved natimal extracts should be 
avoided, since nonreproducible conditions in respect to cytokinin con¬ 
centrations may occur, thus influencing tissue growth in an unpredict¬ 
able way. 

In conclusion, it seems to be advisable, to prefer the use of NAA, 
2,4-D or other more stable auxins whenever possible instead of lAA, or 
special control of the lAA concentration after media preparation should 
be used. 


Biochemical Factors Affecting Phytohormone Concentration in the Media 

Exogenously applied lAA in tissue culture is subject to enzymatic 
decarboxylation by excreted lAA-oxidases and peroxidases with rates 
and degrees that vary with tissue and physiological conditions (Davies, 
1972; Thimann, 1972). Generally, enzymatic decarboxylation of lAA is 
higher in older than in younger tissues (Epstein and Lavee, 1975, 1977). 

It is not likely that biochemical modification of the other phytohor¬ 
mones, i.e., NAA, 2,4-D or cytokinins occurs as a "cell-free" process in 
the medium. Nonetheless, the synthetic auxins and cytokinins are much 
less labile than lAA. 
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UPTAKE, TRANSLOCATION AND METABOLIZATION OF 
PHYTOHORMONES IN TISSUES 

Auxins 

An important factor controlling the morphogenetic responses of phy¬ 
tohormones is the availability and nonavailability of ph^ohormones in 
the cells and tissues. There have been a large number of reports on 
the uptake, translocation, and metabolism of phytohormones in higher 
plants. In this section the author will consider only those reports that 
have an impact on in vitro growth processes. 

In reading papers or protocols about tissue culture experiments, one 
often is confronted with reports of different effects of a single tissue 
when exposed to the same hormones. Generally one would expect the 
hormones of the same type to act in the same way in identical tissues, 
but practical experience shows that this is not necessarily the case. 
In our laboratory we have conducted careful studies on the actions of 
the auxins lAA, NAA, and 2,4-D on intact pea seedlii^ (Pisum sativum 
cv. Dippes Gelbe Victoria) and dramatic differences have been observed 
with respect to uptake, mobility, and metabolism. These differences 
could be correlated to differences in the morphogenetic activities of 
the respective auxins (Ingensiep et al., 1981; Ingensiep, 1982). Figure 
3 shows the different responses of pea seedlings to these auxins. The 
data on uptake, metabolism, and mobility are compiled in Table 1. 
Only the application of 2,4-D exhibited marked effects on the pea seed¬ 
lings, i.e., short roots, formation of callus-like structures on the roots, 
and swollen tissues in the shoots. In contrast to the 2,4-D effects, 
following application of lAA and NAA only a slight stimulation of ad¬ 
ventitious root formation could be observed. A comparison of these 
observations with the data from Table 1 shows that only 2,4-D is pres¬ 
ent in the tissues as free auxin at relatively high concentrations. This 
accumulation of 2,4-D occurs because 2,4-D has a high mobility and 
only a limited rate of oxidation and conjugation. lAA and NAA, on 
the other hand, have higher degradation rates and lower mobility, and 
consequently are present in the tissues as free auxins at much lower 
concentrations (Fig. 3). 

Summarizii^ these results, it seems worthwhile to argue that the 
repeatedly higher efficiency of 2,4-D in the induction of callus forma¬ 
tion apparently depends on its greater availability at least in the tis¬ 
sues of most dicotyledonous plants. In monocots and some dicots, how*- 
ever, resistance against the application of phenoxy-type auxins can be 
observed, probably because of an enhanced detoxification of the hor¬ 
mones by the enzymatic formation of less auxin-active compounds. Wil¬ 
cox et al. (1963) found evidence for the formation of ring-labeled meta¬ 
bolites by excised roots of the resistant cereals oat {Avena saliva), 
barley {Hordeum vidgare), and corn (Zea mays), while the susceptible 
legumes peanut (Arachis hypogea), soybean (Glycine max), and ^alfa 
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Figure 3. The effect of various auxins on intact pea seedlings (7 days 
old etiolated pea seedlings were treated with 10"* M solutions of lAA, 
NAA, and 2,4"D for 24 hr, washed and grown for 7 days in a light/dark 
regime of 14/10 hr). 

(Medicago sativa), did not show this type of metabolite. These resets 
were confirmed by Feung et al. (1975) for callus tissues of five species, 
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where only the callus derived from maize possessed a high concentra¬ 
tion of hydroxylated metabolites, whereas susceptible species showed 
mainly conjugate formation with amino acids. The phenomenon of resis¬ 
tance in dieots seems to have a genetic basis, since in different varie¬ 
ties of identical species different behavior against the application of 
2,4-D was observed: LuckwUl and Lloyd-Jones (1960) found decarboxy¬ 
lation of applied 2,4-D at a rate of 5796 in 92 hours in the resistant 
variety Cox, while the susceptible variety Bramley's seedling only 
metabolized 2% during the same time period. 

Another factor influencing the concentration of active auxin in the 
cells is the interaction between exogenously applied hormones with the 
pathways of the endogenous auxins. Venis (1972) reported that any 
active auxin applied to pea stem tissues induced the formation of an 
enzyme, which formed aspartate conjugates with the hormones. The 
auxin 2,4-D at higher concentrations is known to inhibit the transport 
of lAA, while at the lower growth-promoting concentrations, 2,4-D 
behaves like any other auxin in the promotion of lAA transport (Hay, 
1956). 

Besides the existence of pathways for metabolism of phytohormones, 
the mode of reaction to hormone application of a plant cell may also 
be determined by its ability to release hormones after changes of the 
hormonal equilibrium. Montague et al. (1981a) reported that carrot 
cells contain high amounts of primarily free 2,4-D when grown under 
maintenance conditions. When carrot cells are transferred to 2,4-D-free 
medium, 2,4-D is excreted, coinciding with the formation of somatic 
embryos. Carrot cells release much more 2,4-D than cultured soybean 
cells grown in the same manner. Soybean cells conjugate 2,4-D with 
amino acids and lack the ability to form embryos under conditions that 
are embryogenic for carrots. It was demonstrated by the authors that 
the higher retention of 2,4-D in soybean cells was due to the higher 
amino acid-conjugation rate in this species, since young cells of soy¬ 
bean are able to release unmetabolized 2,4-D in the same way as car¬ 
rot cells do following a short exposure to 2,4-D. The authors suggest 
that the incapability of soybean cells to form embryos is at least 
partly related to the high endogenous level of 2,4-D-amino acid conju¬ 
gates, which, according to Feung et al. (1974) possess weak auxin acti¬ 
vity. Similar mechanisms were found by Spiegel-Roy and Kochba (1980) 
for Citrus callus, where the ability to form auxin-amino acid conjugates 
is correlated with positive embryogenic responses. Moreover, addition 
of inhibitors of endogenous lAA synthesis stimulated embryogenesis. 
Interestingly, Montague et al. (1981b) found an inhibitory influence of 
various cytokinins on 2,4-D conjugation in soybean, but since no new 
morphological structures could be observed in this system, more un¬ 
known factors must be related to the failure of soybean cells to regen¬ 
erate embryos in the same way that carrot cells do. 


Cytokinins 

The metabolism of cytokinins is closely linked to the ENA-metabol- 
ism, when both biosynthesis and metabolic fate are examined (Letham, 
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1978; Sembdner et al., 1981). As was stated earlier, cytokinins repre¬ 
sent chemically a rather homogenous group as compared to all the 
various compounds showing auxin activity. As a general feature, active 
cytokinins possess an intact purine ring and an N®-substituent (Fig. 2), 
while the structure of auxin-active compounds exhibit much greater 
heterogeneity. 

The availability of cytokinins in cells depends much more than that 
of the auxins, on the species- and cell-specific enzymatic intereonver- 
sion rates, leading to new active or inactive derivatives. For example, 
leaves from Populus alba and root nodules from Aims glutinosa were 
able to convert zeatin or zeatin conjugates to dihydro analogs (Letham 
et al., 1977; Henson and Wheeler, 1977), This conversion could not be 
observed in seedlings of radish, Raphanus sativum (Parker and Letham, 
1973; Gordon et al., 1974). 

Besides enzymatic interconversion processes, the pattern of cytokinins 
is changed in the direction of inactive derivatives by formation of 
nucleosides or nucleotides of bases with hormone activity as well as by 
glycosylation (Sembdner et al., 1981). 


CONCLUSION 

As a general conclusion it may be stated that the biological activity 
of phytohormones in cells is a function of its stable availability at a 
certain concentration in an active form. The concentration of hor¬ 
mones in the cells depends on the endogenous level, the exogenous 
supply, and both likewise are influenced by the uptake-, translocation-, 
and metabolization patterns. However, as was mentioned earlier, the 
tissue availability of hormones is only the first prerequisite for under¬ 
standing these actions. 


BIOCHEMICAL INTERACTIONS OF PHYTOHORMONES 

The biochemically accessable effects of phytohormones are numerous 
and sometimes controversial. Only those that may contribute to an 
understanding of the mechanisms of morphogenetic phytohorraone activi¬ 
ty will be included in this section. Particularly important are long¬ 
term hormone effects. 

In this respect research has been focused on phytohormone effects 
correlated with protein and/or nucleic acid syntheses. It has been 
demonstrated and reviewed by various authors that long-term treatment 
or higher (herbieidal) dosages of auxins strongly enhance both protein 
and nucleic acid synthesis (Key and Ir^le, 1969). Most of the RNA 
produced after auxin treatment was shown to be rRNA (Melanson and 
Ingle, 1978) in artichoke tissue. Sen (1975) found an enhancement of 
DNA and histone precursor incorporation after 2,4-D-treatment in dip¬ 
loid and polytenic nuclei of Mlium cepa roots by means of autoradio- 
paphy. In Jerusalem Artichoke tissue, Yajima et al. (1980) found the 
induction of DNA synthesis by 2,4-D during eaUus induction. Moreover, 
these authors reported the incorporation of ^"*0-2,4-D into chromatin, 
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especially into the moderately lysine-rich fraction of the histones. 
They concluded that electrophoreticaUy detectable changes in the his¬ 
tone contents depend on the binding of the acidic 2,4-D to the chroma¬ 
tin proteins, which are closely related to gene activation for RNA-syn- 
thesis (Yajima et al., 1980). Some reports are available showing the 
existence of proteins as intermediate factors in the interaction of hor¬ 
mones with the genome (Matthysse and Phillips, 1969), or as the hor¬ 
mone-dependent enhancement of RNA transcription or RNA-polymerase 
activity (Venis, 1971; Hardin et al., 1972; Teissere et al., 1975). 

The unequivocal demonstration of newly and specifically synthesized 
proteins following hormone application, however, is still rare. Mozer 
(1980) reported the post-transciptional control function of gibberellic 
acid on the synthesis of o-amylase and other, GA-dependent polypep¬ 
tides in the barley aleurone system. In addition, these syntheses were 
inhibited by the simultaneous addition of ABA to the tissues. More¬ 
over, direct or indirect modification of proteins (methylation, phospho¬ 
rylation) may occur as an expression of phytohormone activity. With 
the use of 2I>-eleetrophoresis, Zurfluh and Guilfoyle (1980) found de¬ 
creases and increases in the amount of certain polypeptides as well as 
changes in the electric charges of polypeptides in soybean hypoeotyls 
following 2,4-D treatment. Following the application of herbicidal con¬ 
centrations of 2,4-D (10“* M) to intact pea seedlings, the pattern of 
the major acidic cytoplasmic proteins was found to be conserved, 
whereas de novo synthesis of some basic proteins could be detected 
(Fig. 4; Ingensiep, personal communication). Presently it is unclear 
whether these basic proteins are required for the formation of ribo¬ 
somes or nueleosomes during the process of dedifferentiation. 

In a recent paper Shaefer and Kahl (1981) reported an enhancement 
of DNA-dependent RNA polymerase 1 and II and a drastic stimulation 
of phosphorylation of both high- and low-molecular weight chromosomal 
proteins by 2,4-D in white potato tuber tissues after wounding. The 
effect on protein kinases occurred after a lag of 10 hr and was not ob¬ 
served after in vitro application of the hormone. This indicated the 
necessity for intermediate steps durir^ the process of hormone action. 
In addition, these results indicate that phytohormone activity may de¬ 
pend not only on transcriptional control, but also on protein modifica¬ 
tion. Since tissues grown under in vitro conditions generally are 
wounded ones, these results are of great importance for an understand¬ 
ing of phytohormone effects in plant tissue culture. 


Models for Phytohormone Action 

The models required for an understanding of hormone actions in 
plants must be categorized in respect to the time course of hormone- 
dependent responses. Usually hormone effects are separated into (a) 
short-term effects and (b) long-term effects. 

The short-term effects, which in the case of auxins are observed 
after a lag phase of 8-15 min (Stoddart and Venis, 1980), are suggested 
not to involve gene activations, since cyeloheximide inhibition does not 
occur until 35-45 min after application. This second cyeloheximide- 



Biochemical Mechanisms of Plant Hormone Activity 


683 



Figure 4. Autoradiograph of cytoplasmic proteins from pea roots 
treated with 2,4-D after isoelectric focusing and ^^C-amino acid label¬ 
ling (autoradiograph with courtesy of H.W. Ingensiep). 

inhibited response has a timing, which is much more consistent with 
the temporal requirements for macroraolecular synthesis (Evans, 1974). I 
Whether the rapid effects on fatty acid synthesis reported by KuU and ' 

Ultes (1980) caused by KIN after a time period of 45 min in isolated 
petunia protoplasts belong to the first or second group of rapid hor¬ 
mone effects cannot be answered at present. In the pattern of RNA 
and protein synthesis during the continuation of auxin-induced cell 
elongation, only minor qualitative changes can be found, so the discus¬ 
sion of whether gene activation is required for this process is contro¬ 
versial (Zurfluh and GuUfoyle, 1980; Bates and Cleland, 1980; Vander- 
hof, 1980; Jacobsen, 1977; Key, 1969). Moreover, there is no evidence 
that these short-term effects are functionally correlated with the 
morphogenetic long-term responses such as callus induction, shoot for¬ 
mation, rhizogenesis, or somatic embryogenesis, which occur after time 
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lags of days or even weeks. These appear to fit long-term effect 
models, which have been developed in analogy to nonplant systems and 
which are thoi^ht to be independent from short-term responses (Lib- 
benga, 1978). 

From animal hormone research, two basic models are known and 
widely accepted for the action of the two main classes of animal hor¬ 
mones, reflecting the nature of the respective hormones. 

First, peptide hormones, neurotransmitters and proteohormones bind 
to primary receptor sites, located at the outer cell membrane, thus 
identifying the cells as target cells. Binding activates an enzyme, 
adenylate cyclase, on the inner side of the membrane that forms cyclic 
AMP (cAMP) from AMP. cAMP acts as second messenger for the induc¬ 
tion of a number of cellular processes. However, in plants neither the 
enzyme nor the cAMP has been found in noteworthy amounts (Amrhein, 
1977), so this mode of action most likely is not realized in higher 
plants. 

Second, steroid hormones enter their target cells and are recognized 
by soluble cytoplasmic receptor proteins. Newly formed dimeric hor¬ 
mone-receptor complexes bind to acceptor sites in the chromatin, 
where specific RNA syntheses are induced. Neither the receptor pro¬ 
tein nor the hormone alone are able to bind to the acceptor sites in 
the nucleus. This clear causality between hormone application, hor¬ 
mone recognition, and hormone-induced gene activation has yet to be 
demonstrated in plants, although particular steps of this model have 
experimental documentation. This indicates some similarities between 
the action of plant hormones and steroids. The degree of similarity 
between plant and animal hormones is still uncertain. 

A number of papers published in the field of phytohormone research 
in the last ten years have shown that hormone binding in plants has 
been found both at membrane-located sites in Zea mays coleoptiles, 
Cucumis sativus fruits, Pisum sativum epicotyls, and Avena roots (Her- 
tel et al., 1972; Narayanan et al., 1981; Bhattacharyya and Biswas, 
1978; Doellstaedt et al., 1976) and as soluble binding sites in the cyto¬ 
plasm. 

However, as was stated above, the membrane-bound sites have no 
cAMP-synthesizing activities, a result that once more confirms the non¬ 
transferability of the animal second messenger model to the existing 
conditions in higher plants. These binding sites on plant membranes 
may have some connection to the rapid auxin responses in the initial 
phase of cell elongation, as these responses apparently do not require 
protein synthesis. 

An indication for a possible analogy with the steroid model is that 
cytoplasmic binding sites have been reported by various authors for 
auxins (Oostrom et al., 1975, 1980; Ihl, 1976; Wardrop and Polya, 1977; 
Jacobsen, 1981), cytokinins (Hecht, 1980), gibberellins (Konjevic et al., 
1976; Stoddart et al., 1974), and ethylene (Sisler, 1979). Moreover, in 
the case of auxins macromolecular factors influencing RNA-synthesis in 
vitro has been reported (Matthysse and Phillips, 1969; Hardin et al., 
1972; Venis, 1971; Teissere et al., 1975; Roy and Biswas, 1977). How¬ 
ever, evidence is rare that these factors, which in most cases have 
been identified as proteins, have any relevant in vivo function. 
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Detection of Specific Soluble Auxin-Binding Proteins 

Evidence for the existence of specific soluble phytohormone-binding 
[ffoteins has been obtained by (a) equilibrium dialysis or (b) analysis of 
uptake of radiolabeled hormones. In the latter, radiolabeled hormone is 
incubated with increasing concentrations of cold hormone at adequate 
conditions for the proteins to be tested. After the incubation period 
the "free" hormone is separated from the "bound" hormone by dextran- 
coated charcoal (which binds the "free" hormone molecules) or by gent¬ 
ly pelleting the proteins containing specific and unspecific hormone-pro¬ 
tein complexes with a saturated solution of (NH 4 ) 2 S 04 . Since equilib¬ 
rium dialysis requires high specific activities of the labeled phytohor¬ 
mones or highly purified receptor proteins, most results on soluble hor¬ 
mone binding in plants have been obtained with the other method 
(Oostrom et al., 1975, 1980j Wardrop and Polya, 1977) Jacobsen, 1981). 
Since the author has had most experience with the pelleting assay, a 
protocol of this method is presented. 


Criteria for Hormone Receptors in Plants 

Although the biological functions of the hormone-binding proteins 
have not been elucidated unequivocally, some theoretical properties for 
proteins relating to their possible functions as receptors have been sug¬ 
gested (Kende and Gardner, 1976): (a) A receptor should be highly 

specific, and can be identified by a high affinity to all hormones of 
identical type, i.e., for all auxins or all active cytokinins. The Ka or 
its reciprocal (the Kd) should be the same order of magnitude as the 
concentration range of active hormones in the cells, (b) The capacity 
of a receptor should be limited and expressed by a rapid saturation 
with the hormone. The saturation rate should be parallel to the range 
of concentration of the biological response. Both parameters, Ka (or 
Kd) and the number of binding sites (Rt) can be derived by a kinetic 
anal^is of experimental data according to Seatchard (1949). (c) The 

binding should be reversible and competitive. Nonactive or less active 
structural analogs of the hormone should bind in approximate accord¬ 
ance with their biological activity. 


PROTOCOL 

Preparation of Plant Material 

Seeds of Pisum sativum were surface-sterilized and grown in moist 
vermiculite in the dark for 7 days at 22 C. 


Preparation of Soluble Proteins 

Roots or shoots of the seedlings were homogenized in a minimum of 
Tris-HCl (50 mM, pH 7.8) in a Waring blender (1 min, maximum speed), 
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filtered through several layers of pure glass wool (Merck 4086), and 
centrifuged for 2 hr at 105,000 x g. The resulting supernatants were 
concentrated by ultrafiltration (Amicon UM-10 membran^ and separated 
from low-molecular weight compounds by Sephadex G-75 filtration. The 
protein fractions were collected, again concentrated, and directly used 
for the binding assays. 


Binding Assays 

The binding assays were performed according to Wardrop and Polya 
(1977). 'lY’is-HCl (50 mM, pH 8.0) was adjusted with *^C-labeled hor¬ 
mone to a hormone concentration of 5-6 x 10“® M. Using this labeled 
buffer, a stock solution of cold hormone is stepwise diluted, resulting in 
hormone concentrations between 5.005 x lO*® M and the dilution buffer 
alone. The radioactivity of the subsequent fractions was checked for 
possible dilution errors by counting 10 |il samples in triplicate. With 
2-3 repllcations/auxin concentration, aliquots of the proteins were 
mixed, and incubated in an icebath for 5 min. After this incubation, 
the proteins were precipitated with a saturated solution of (NH 4 ) 2 S 04 , 
left some minutes in the ice and then centrifuged (15 min, 50,000 x g). 
The supernatant, containing "free" hormone, was carefully removed from 
the tubes, and the pellets resuspended in 1 ml 0.1* SDS and counted in 
Nuclear Chicago Liquid Scintillation Counter with Quickszint 212. 
From the cpm-readings, the dpm-rates were calculated by means of 
tabulated correction coefficients from a computerized quench correction 
curve based on the channel ratio method. From these data a displace¬ 
ment curve can be obtained, showing a decrease of radioactivity with 
increasing amounts of cold hormone (Fig. 5, upper graph). It was found 
that subtraction of the background observed in the presence of 5 x lO"® 
M cold hormone, resulting A dpm-values (Fig. 5, mid graph) gave a 
much clearer picture of the displacement. It could be demonstrated by 
the kinetic analysis that this background was due to events other than 
specific or unspecific binding. 


Calculation of Kinetic Data from Binding Experiments 

The amount of total bound hormone was calculated by the known 
relation of cold and labeled hormone in every sample by the following 
formula: 

Btot = A dpm x A [1 + (1 ^C-hormone/i^Ohormone)] 

A dpm = radioactivity corrected for the plateau value 
in the presence of 5 x 10"® M cold hormone 
A = factor depending on the specific activity of the 
labeled hormone 

Figure 5. Schematic representation of the different steps for the 
evaluation of kinetic data from phytohormone-binding studies (for 
explanation see text). 
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The Scatchard plots were constructed from these data (Scatchard, 
1949). In this plot, specific binding is represented by a steeply de¬ 
scending line, while unspecific binding is shown by a line almost paral¬ 
lel to the abscissa, resulting in a hyperbolic curve (Fig. 5, graph at 
the bottom). According to Chamness and McGuire (1975), nonspecific 
binding present at aU ligand concentrations has to be separated from 
specific binding by multiplying the limiting B/F-ratio (lim B/F, B-*“) 
with the free ligand concentration F at each point and subtracting this 
nonspecific binding from total binding: 

Bsp = Btot - F (lim B/F, B-»“). 

The corrected binding line (-.-.-.) was calculated by plotting the val¬ 
ues for Bsp versus Bap/F. The kinetic parameter Ka and Rt can be 
calculated with relative accuracy by using the linear regression func¬ 
tion, although mathematical laws are violated in this case (Quednau 
and Jacobsen, 1981). All calculations should be based on a protein 
content of 1 mg/ml of assay volume after addition of the pelleting 
agent. In this plot, the negative reciprocal of the slope equals Kd, 
and the intercept with the abscissa gives the number of binding sites, 
Ri. 

The same test can be used to ascertain the specificity of the binding 
sites by performing competition experiments with active and nonactive 
analogs of the respective hormone tested. If the binding is specific, 
active analogs should displace the labeled hormone in the same way as 
the unlabeled one, or at least much better than inactive compounds. 
Figure 6 shows the displacement of '^C-NAA by cold NAA and cold 
2,4-D in the soluble cytoplasmic protein fraction of etiolated pea epi- 
cotyls. 



Figure 6: Displacement of ^‘*C-labelled NAA by cold NAA and cold 
2,4-D. 
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CRITICAL REMARKS 

The preceding section outlines general methodology for obtaining evi¬ 
dence on the suggested primary level of interaction of plant hormones 
with the ceU. It appears very likely that plant cells possess proteins 
that are able to recognize hormone molecules in in vitro assays under 
artificial conditions. But, as was shown in the ease of auxins, nonplant 
proteins like BSA are able to bind auxins under acidic conditions in a 
similar way as the tentative receptors (Murphy, 1979). Hence some 
doubts on the relevance of this binding has been sugg^ted (Venis, 
1980). A recent paper of Wardrop and Polya (1980a) shows auxin-bind¬ 
ing by the soluble proteins of pea and bean leaves. In a variety of 
chromatographic procedures this auxin-binding protein co-purifies with 
RuBPCase, indicating that this enzyme is the auxin-binding protein. 
However, the authors could not find the same auxin-binding in Frac¬ 
tion-1 protein from spinach or sugar beet. As they point out, the ob¬ 
served binding by RuBPCase does not mean that this enzyme is an 
auxin-receptor, because the concentration of this enzyme in the cells is 
about 100 times higher than the Kd for the binding, and potent auxins 
like 2,4-D bind with a much lower Kd (Wardrop and Polya, 1980a,b). 
From this, the authors concluded that the function of this binding 
might be auxin sequestration and/or auxin translocation. Heilmann et 
al. (1981) found high accumulation of fed ^‘‘C-IAA in mesophyll chloro- 
plasts of Spinacia oleracea (47% of the endogenous lAA was found in 
the ohloroplasts, while the chloroplasts represent only 7% of the tissue 
volume). It is not clear whether these results have any physiological 
relevance in respect to the morphogenetic activities of auxins. 

In the case of soluble auxin-binding proteins from etiolated pea epi- 
cotyls (Jacobsen, 1981), since SDS-pherograms exhibited the absence of 
RuBPCase in the proteins investigated, this binding apparently is differ¬ 
ent from that reported from the green tissues (Wardrop and Polya, 
1977, 1980a). 

In all other cases where soluble cytoplasmic proteins have been re¬ 
ported to bind specifically phytohormones, the relevance of the binding 
must be questioned in respect to the relationship between the observed 
binding phenomena and the hormone effects in the systems in question. 
This relationship is only tentative, and there exists no clear evidence 
for the presence of steroid-like mechanisms in higher plants. Some 
comments may illustrate this hypothesis. 

First, the results of Yajima et al. (1980) demonstrate that 2,4-D dir¬ 
ectly binds to chromatin, a clear contradiction to an analogy to the 
steroid paradigm. As a hypothesis, evolutionary differences between 
chromatin composition in plants and animals may be assumed. This may 
have also been indicated by Muller et al. (1980), who showed some 
atypical properties of barley chromatin as having a sur[misingly low 
solubility at low ionic strength, which was attributed to the presence 
of some acidic nonhistone proteins. In addition, Greilhuber (1977) dem¬ 
onstrated that plant metaphase chromosomes have a much higher degree 
of condensation than vertebrate chromosomes, which during mitotic 
■oetaphase are only about 2.3 times shorter than in pachytene. _ The 
higher contraction of plant chromosomes, which do not show Giemsa- 
banding, may be an indication for a significantly altered chromatin 
composition during interphase. 
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Second, in a refreshingly provocative article, Trewavas (1981) intro¬ 
duced two interesting aspects of phytohormone research: (a) plants 
possess developmental processes that are unique, and (b) the concept of 
growth substances as hormones may be a misleadir^ one. Moreover, 
Trewavas (1981) criticizes the fact that tissue sensitivity generally is 
interpreted as a matter of change of growth substances instead of a 
change of the number of receptor molecules. In this respect two re¬ 
sults on auxin-binding proteins may be of great importance for future 
work: Oostrom et al. (1980) obtained evidence on a change of soluble 
high-affinity binding of IA A, extractable from tobacco-pith callus after 
different periods of subculture, with a peak at 10-12 days after transfer 
to fresh medium. Vreugdenhil et al. (1981) found modulation of the 
number of membrane-located auxin-binding sites during the growth of 
batch-cultured tobacco cells. 

As a conclusion, it can be argued that morphogenetic activities of 
phytohormones depend on the specific recognition of the morphogenetic 
information carried by the plant hormone molecule. The most relevant 
phytohormones and proteins have been reported which may fulfill this 
criterion in a satisfactory manner. However, the next steps toward a 
biochemical realization of the hormonal stimulus are yet unclear. It is 
not known whether transport of possible hormone/hormone-receptor 
complexes to the nucleus, followed by the initiation of specific trans¬ 
cription, occurs or whether the hormones or hormone/receptor-complex- 
es exhibit an influence on the processing of the primary gene transcript 
or on the control of translation. A direct modification of proteins can 
not be excluded. The present state of the art may be illustrated by 
Fig. 7, where question marks indicate the lack of proven evidence. 
Hopefully, the question marks will be reduced in the next few years as 
a result of continued phytohormone research. 



Figure 7. The flow of the morphogenetic information of a phytohor¬ 
mone and probable control points (?) as indicated by available results. 
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CHAPTER 22 

Transport of Ions and 
Organic Molecules 

C. McDaniels ___ 

The literature on solute transport in intact plants is enormous 
(Zimmerman and Dainty, 1974; Luttge and Higinbotham, 1979; Pate, 
1980; Spanswick et al., 1980; Spanswick, 1981) while the literature on 
transport in cultured plant cells is limited. Maretzki and Thom (1978) 
have reviewed the latter and indicated some of the reasons for using 
cultured cells in transport studies. Cultured cells are free of contami¬ 
nating organisms, and the eicternal environment can be easily con¬ 
trolled. Cells for transport studies can be grown in continuous culture 
systems to achieve relatively homogeneous phenotypic population oI 
cells. The possibility of isolating variants from cultured cells is an 
exciting prospect. For some species, e.g., N. tabacum, plants can be 
regenerated from single cells (Vasil and Hildebrandt, 1965), haploids can 
be produced by anther culture (Nitsch, 1969), and genetic variants pro¬ 
duced during culture can be regenerated into whole plants (Carlson, 
1973). Thus in many respects cultured plant cells can be treated hire 
microorganisms, and the genetic variants selected in culture can be 
proven to be mutants via Mendelian analysis. An additional advantap 
of cell cultures, e.g., protoplasts, single cells, or small clumps of cep^ 
is that essentially all cell surfaces are exposed to the incubation solu¬ 
tion. Perhaps the major limitation to the use of cultured cells is tp 
fact that it is impossible to gain a complete understandii^ of tne 
transport phenomenon in plants at the tissue, organ, or plant levels 
organization by studyii^ transport in cultured cells. However, u os® 
is in fact interested in characterizing transport at the celliAar 
suspension cultured cells, including protoplasts, may offer an ideal sys¬ 
tem. 
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REVIEW OF THE LITERATURE 

It has been just a little more than a decade since investigators 
began to employ cultured cells for transport studies (Hart and Filner, 
1969; Maretzki and Thom, 1970; Heimer and Filner, 1971). In the 
early 1970s there were few studies, but within the past several years 
the use of cultured cells has increased significantly (e.g., Berlin and 
Widholm, 1978; Blackman and McDaniel, 1980; Guy et al., 1978, 1980, 
1981; King and Khanna, 1978; Ruesink, 1978; Smith, 1978a; Cheruel et 
al., 1979; Mettler and Leonard, 1979a; Thoiron et al., 1979, 1980; 
Courtois et al., 1980; Morris and Thain, 1980; Rubinstein and Tattar, 
1980; Harrington et al., 1981; Jones and Smith, 1981; Kaiser and Har- 
tung, 1981; Thom et al., 1981). The primary aim of many of these as 
well as the earlier studies was to establish credibility and repeat what 
had already been done in other systems. I believe that credibility has 
been established and that, in most respects, the basic parameters of 
transport are similar in intact plant cells and in cultured cells. Up¬ 
take of amino acids, ions, and sugars at physiological concentrations is 
carrier mediated and active. Uptake kinetics are most often complex, 
but the underlying basis of this complexity is unclear (Nissen, 1974; 
Bange, 1979; Borstlap, 1981). The carriers exhibit specificity and can, 
for example, distinguish between Na* and K* (Mettler and Leonard, 
1979b), the L and D isomers of sugars (Guy et al., 1978), and the D 
and L isomers of amino acids (McDaniel et al., 1983). Current evid¬ 
ence supports the hypothesis that amino acids and sugars are co-trans- 
ported with H* and that the driving force for uptake is the membrane 
potential and the proton gradient across the cell membrane (Etherton 
and Rubinstein, 1978; see various papers in Spanswick et al., 1980). 
Some molecules appear to enter the cell by diffusional processes. Sev¬ 
eral recent papers have examined the uptake of organic compounds in 
cultured cells which appear to enter the cell via diffusional, noncarrier 
mediated processes, such as abseisic acid (Kaiser and Hartung, 1981), 
amitrole (Singer and McDaniel, 1982), and tryptamine (Courtois et al., 
1980). Transport can occur across several membranes (e.g., plasma 
membrane, tonoplast, or other plastid membranes), and it has been 
difficult to establish which membrane is being studied. The solution to 
this problem may require the use of isolated organelles or artificial 
vesicles with reconstituted transport systems. 

A variety of assays have been used to measure solute transport in 
suspension cultured cells and protoplasts. There are no standard meth¬ 
ods, and each laboratory has developed its own procedure. In develop¬ 
ing an assay to measure solute transport, many variables must be con¬ 
sidered, for example, preparation of the cells, contents of the incuba¬ 
tion solution, number of points used to estimate the uptake rate, stand¬ 
ardization parameters (e.g., number of cells, fresh weight, dry weight, 
protein and homogenized cell volume), and length of transport period. 
In selecting or developing an assay, an investigator needs to take into 
account the assumptions being made and how the selection of condi¬ 
tions will influence the precision and possibly the accuracy of the 
measurement being made. 
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PROTOCOLS 

There are no standard methods for analyzing the transport of solutes 
in suspension cultured cells or protoplasts. Our laboratory has devel¬ 
oped assays for measuring the uptake of organic molecules in suspension 
cultured tobacco cells and tobacco leaf protoplasts. I will present in 
detail two protocols: our assay for measuring solute uptake in suspen¬ 
sion cultured cells (Blackman and McDaniel, 1978, 1980) and with minor 
modifications, Rubinstein's assay for measuring solute uptake in oat leaf 
protoplasts (Rubinstein, 1978; Rubinstein and Tattar, 1980). However, 
before considering these protocols, 1 will discuss developing an assay in 
considerable detail. This discussion will be for an assay employing sus¬ 
pension cultured cells, but essentially all of the comments are pertinent 
to transport studies in general. 


Developing an Assay 

TRANSPORT MEASUREMENTS. Radioactive isotopes are most often 
used to follow the movement of a molecule, and all of the discussion 
will be related to the use of these tracers. In using a radioactive iso¬ 
tope one assumes that the membrane does not distinguish between the 
tracer (radioactive isotope) and the unlabeled molecule. Although this 
is a reasonable assumption, it may not be completely valid. In the 
case of ^H 20 being used as a tracer for the movement of H 2 O, the 
interpretation of some data suggests that the membrane may distinguish 
between *H20 and H 2 O (Shafer and Andreoli, 1977). 

The objective of a transport assay is to measure, quantitatively, the 
movement of a solute into or out of a cell. To insure that this is 
what is being measured, one must consider binding, metabolism, and 
trapping in the extracellular free space. Binding to cell walls and cell 
membranes can be measured in several ways (Blackman and McDaniel, 
1978). One approach is to measure the adsorption of solute to cell 
wall material by exposing homogenized cells to the labeled solute and 
measure the amount bound, A second approach is to expose the cells 
to the solute and then, after a period of time, homogenize the cells 
and fractionate the components through a series of centrifugations at 
increasing g's to estimate binding to various cellular components (e.g., 
cell walls, membranes, organelles). The first approach measures passive 
binding, while the latter measures binding dependent upon cell inte^i- 
ty. We have made these binding measurements for several amino acids 
and the herbicide, amitrole. The binding to homogenized cells was 
negligible for these solutes when compared to the amount transported, 
but the amount of amitrole bound to the walls of intact cells was sig¬ 
nificant. Depending upon the assay employed, this binding could influ¬ 
ence the results. That is, if the whole cell is solubilized for seintiUa- 
tion counting, then the well-bound isotope would be counted, and high¬ 
er rates would result. 

Removing the isotope from the free space is generally accomplished 
by rinsing the cells with a volume of incubation solution that does not 
contain isotope. The presence or absence of the transported solute in 
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the rinse solution may influence the retention of the isotope. This 
possibility can be checked by comparing the counts retained in cells 
washed with rinse solution containing or lacking the solute. The rinse 
procedure should be accomplished with a volume of solution and in a 
manner such that essentially no counts appear in the final rinse solu¬ 
tion. 

The purity of the isotope should be monitored. We have found L- 
leueine (^H) to be more than 9896 pure and to be stable over several 
months of storage. This has not been true for labeled L-aspartie acid, 
L-histidine, and L-phenylalanine. After several months of storage, 10- 
3096 of the counts are no longer associated with the authentic amino 
acid. Metabolism or spontaneous breakdown of the solute before or 
after entering the eeU may also influence results. Metabolism of or¬ 
ganic isotopes can be estimated by standard chromatographic methods. 
If the solute can be incorporated into a large molecule (protein, nu¬ 
cleic acid, carbohydrate, lipid), one should cheek for this using stan¬ 
dard isolation methods for the molecule in question. In general, chro¬ 
matographic methods should reveal metabolism into macromolecules, 
since most large molecules will remain at the origin in solvent systems 
which separate into small molecules. 


DURATION OF UPTAKE STUDIES. Some workers have ased uptake 
time periods of an hour or more (Heimer and Filner, 1971; Harrington 
and Smith, 1977). These long-term assays measure net flux (Fnet = Fm 
■ Fout)j and make it necessary to correct for metabolism. Additionally, 
inaccuracies are also possible, since the uptake rate may change over 
the uptake period. Some workers have used short time periods to 
reduce the ii^uence of metabolism, efflux, and chaises in uptake rate 
(Maretzki and Thom, 1970; Blackman and McDaniel, 1978). However, 
even with a short uptake period one must still measure metabolism, 
efflux, and changes in uptake rate over the uptake time period to as¬ 
certain the degree to which these processes influence the rate being 
calculated. 

Efflux can be estimated by placing preloaded cells in unlabeled medi¬ 
um and following the loss of counts from the cells or the appearance of 
counts in the medium. Efflux may involve exchange diffusion (Shtark- 
shall et al., 1970). For this reason, efflux into bath media with and 
without the transported solute should be calculated. Influx and efflux 
can be compared by calculating the influx or efflux rate constant using 
the flux equation ln[A] = ln[Ao] - kt, where [A] is the internal radio¬ 
activity in cpm, [Ao] is the initial internal radioactivity in epm, k is 
the flux constant, and t is the time. The In of the cpm in the cells 
plotted against time gives a straight line when efflux is from a single 
compartment and the absolute value of the slope of this line equals the 
flux rate constant, k. The rate constant is concentration independent, 
and thus a direct comparison between influx and efflux can be made. 

Uptake rate changes can be measured in several ways. In one ap¬ 
proach a large population of cells can be sampled continuotjsly over a 
several hour period. On a plot of uptake versus time, a straight line 
would indicate a constant net flux, provided that the external concen- 



700 


Specialized Cell Culture Techniques 


tration remained constant. This could result from a constant influx 
rate and virtually no efflux, or from increasing influx as well as in¬ 
creasing efflux. Other shaped curves are possible and can be difficult 
to interpret. For example, we have measured uptake over a 12 hr 
period by sampling the same cell population as well as the bath at 
hourly intervals (Blackman and McDaniel, 1980). Three different initial 
bath concentrations were studied. At an initial bath concentration of 
20 uM L-leueine, net flux became zero after 6 hr indicating that influx 
equ^ed efflux after 6 hr. At 100 uM and 1.0 mM uptake continued for 
12 hr, but it was clearly not linear. One can easily see the difficulty 
in estimating time-dependent rate changes using this method. An al¬ 
ternative method is to measure uptake over a short time period in 
cells that have been exposed to unlabeled solute. We have measured 
the initial rate before and 3 hr after cells were exposed to 1.0 mM L- 
leucine using our standard 9 min assay (Table 1). The rate was de¬ 
pressed about 30% in cells that had accumulated L-leucine for 3 hr. 


Table 1. Changes in the L-leucine Uptake Rate Over a 3 hr Uptake 
Period® 


CONDITIONS 

PERCENTAGE OF INITIAL (0 HR) RATE ± SE 

3-hr control 

110 ± 3 

3-hr uptake period 

76 ± 2 


®Two cell samples were taken from two separate flasks of cells and the 
uptake rate measured over a 9 min uptake period in each of these four 
samples. Then 0.5 ml of sterile distilled water was added to one flask 
(control flask) and 0.5 ml of a sterile 100 ml L-leucine solution was 
added to the other flask, thereby making the extracellular concentra¬ 
tion approximately 1.0 mM. After 3 hr the L-leucine uptake rate vies 
measured in two samples of cells from each flask. Prior to measuring 
uptake, cells were washed to remove L-leucine and control cells were 
washed in a similar fashion. 


INCUBATION AND BUFFER SOLUTIONS. Some researchers use di¬ 
lute incubation solutions (Harrington and Smith, 1977; Harrington and 
Henke, 1981), while others employ an incubation solution that is similar 
to the growth medium (Maretzki and Thom, 1970; Smith, 1975; Black¬ 
man and McDaniel, 1978; King and Khanna, 1978). The advantage of a 
dilute incubation solution is that the influence of other molecules on 
transport can be studied. The disadvantage is that the cells are in an 
abnormal environment with a greatly reduced osmolarity. The question 
of buffering is a difficult one. If a buffer is used, it insures that up¬ 
take is measured at a constant pH, and this may be important for some 
solutes such as sugars or amino acids where uptake is pH-dependent. 
However, cells are not usually grown in strongly buffered medium, and 
the buffer used can influence the uptake rate. 

Significantly different results can be obtained when different incuba¬ 
tion solutions are employed. Different buffers result in very different 
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uptake rates. In citrate buffer, cysteine uptake rates are 3 times 
higher at pH 5.0 than in MBS buffer (Harrington and Smith, 1977). 
When a dilute, buffered incubation solution is used, there is a dramatic 
time, protein synthesis, and Ca^* dependent stimulation of amino acid 
(Smith, 1978a; Lyons et al., 1980; Harrington et al., 1981) and sulfate 
(Jones and Smith, 1981) uptake rates. The stimulation is greatly re¬ 
duced or absent in an incubation solution which is the same as the 
culture medium. We use unbuffered culture medium (Linsmaier and 
Skoog, 1965) as our incubation solution, believing that this enables us 
to measure uptake under more physiological conditions. 


PREPARATION OF CELLS. Manipulation of cultured cells has been 
reported to influence uptake (Thoiron et al., 1979, 1980). A study by 
Thom et al. (1981) has shown that cells from different species respond 
differently to manipulation and that the depressing effects of some 
types of manipulation result from a compound released as a result of 
cell damage. The use of vacuum filtration for collecting cells for an 
uptake assay appears to be very damaging for some cultured cells and 
probably should be avoided. Collection via centrifugation is preferable 
(Thom et al., 1981). 

We have observed that thoroughly washing cells prior to subculturing 
can influence the uptake rates measured during the growth cycle (Fig. 
1). Although washing has increased the lag phase about a day, the 
relationship between uptake rate and grov/th phase is different for 
washed and unwashed cells. These examples dramatically illustrate the 
importance of evaluating the influence various types of manipulation 
have on solute uptake. 


NUMBER OF SAMPLES. Some assays have only one point from which 
a rate is calculated (Harrington and Smith, 1977; Harrington and 
Henke, 1981), while others have many (Maretzki and Thom, 1970; 
Blackman and McDaniel, 1978). We originally used an eight point assay 
but switched to four points when we determined that four points gave 
rates as precise as eight (Blackman and McDaniel, 1980). With the 
help of a computer we have taken data from 39 of the four point 
assays and calculated rates using a single sample point, pair of points, 
and groups of three points. Analysis of these data indicated that more 
precise measurements are not obtained by using more than two points 
(Table 2). In fact, one point plus the origin gives rates that are as 
precise as four points, provided the time of the single point is greater 
than several minutes. However, using more than two points makes it 
[wssible to determine the fit of a line to the points. In this way the 
linearity of uptake is checked in each assay, and bad sample points can 
be detected. Before selecting the number of sample points to use, the 
linearity of uptake over at least the time period of the assay should be 
confirmed with numerous sample points. 

STANDARDIZATION PARAMETERS. In measuring uptake, the rate 
should be related to a unit area of membrane. Unfortunately, this is 
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Figure 1. L-leucine uptake rate as a function of time after subculture 
in cells which had been washed or not washed at the time of subcul¬ 
turing. Cells from a flask of stationary-phase cells were divided in 
half, washed twice with 100 ml of fresh Linsmaier and Skoog (1965) 
medium supplemented with KIN (0.47 nM), NAA (11.0 (iM), and sucrose 
(40 gA) (L and S medium), and subcultured in fresh L and S medium. 
Unwashed cells represent our regular subculturing procedure. In this 
case 50 ml of fresh L and S medium were added to a flask of station¬ 
ary cells and the resultant suspension divided between two flasks. 
Final cell density was similar for washed and unwashed cells. L-leu¬ 
cine uptake rate was measured at a L-leueine concentration of 100 mM. 
Means ± SE are plotted. Sample number = 4. x - x = washed, o - o 
= unwashed. 

virtually impossible for cultured cells. Thus researchers have standard¬ 
ized the uptake measurements to various parameters that relate to the 
quantity of biological material in a sample (e.g., g fresh weight, mg dry 
weight, number of cells, mg protein, or volume of homogenized cell 
material). None of the standardization parameters is a direct measure¬ 
ment of membrane area, and the variation in some is not related to 
changes in membrane area. Owens and Poole (1979) have shown that 
several physical parameters change during the growth of suspension cul¬ 
tures of bean cells. For example, protein content (mg/g fresh weight) 
and average cell weight vary more than twofold. Thus standardizing 
by fresh weight or mg protein in these cultures would lead to inaccur¬ 
ate rate measurements over the culture cycle. 
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We have elected to relate solute taken up to the volume of homo¬ 
genized cell material in a sample for two reasons: (1) the amount of 
cell wall should be directly related to the area of surface membrane, 
provided there are no wall ingrowths and that the thickness of the 
wall is constant, and (2) it is easy to make this measurement precisely. 
We simply homogenize a sample in a tissue grinder, centrifuge the 
homogenate in a table top centrifuge, and measure the peUet volume. 
Centrifuge tubes calibrated to 0.01 ml enable us to measure pellet vol¬ 
ume to within several thousandths of a ml. 

After selecting a standardization parameter, one should publish con¬ 
version factors so that rates can be expressed in terms of other para¬ 
meters for comparison (Blackman and McDaniel, 1978). 1 do not know 
of a comparative analysis of standardization parameters. Thus the 
choice appears to be one of personal preference. However, one should 
determine that rate variation is not a reflection of parameter variation 
(McDaniel and Wozniak, 1982). This can be accomplished by standardiz¬ 
ing rates with several different parameters under conditions where rate 
variation has been oteerved. 


RATE DETERMINATION. The rate of uptake can be calculated by 
plotting the cpm's/standardization parameter versus time for each 
sample point. The slope of the line generated is the uptake rate in 
cpm/(std. parameter unit-time). If one knows the specific activity of 
the incubation solution, the rate can be converted to moles/(std. para¬ 
meter unit time). One can estimate the specific activity by calculating 
the number of curies that have been added to the known amount of un¬ 
labeled solute in the incubation solution. A more accurate method is 
to count a small sample of each incubation solution and thereby pre¬ 
cisely know the specific activity in each assay. In plotting epm versus 
time, only rarely does a perfect line result. Best fit lines and line 
correlations can be determined by linear regression. A poor line cor¬ 
relation win indicate a problem, and one might elect to use data only 
if the line correlation is better than some value. Different compounds 
can give, on average, very different line correlations using the same 
assay. In our laboratory, line correlations for L-leucine uptake are 
almost always better than 0.98, while L-aspartic acid line correlations 
average about 0,85. Thus ^he uptake of some compounds is more vari¬ 
able than that of others. 


Growth Phase and Culture Viability 

The uptake rate <jf various solutes changes as a function of the cul¬ 
ture growth condition (King and Oleniuk, 1973; Harrington and Smith, 
1977; Ruesink, 1978; Blackman and McDaniel, 1980; Jones and Smith, 
1981). We have found the uptake of amino acids and the herbicide, 
amitrole, to be greatest in rapidly growing cells and lowest in station¬ 
ary phase cells (Blackman and McDaniel, 1980; McDaniel et al., 1981> 
1983; Singer and McDaniel, 1982). The almost continual rate changes 
occurring over the growth cycle of suspension cultured cells (see Fig. 



Transport of Ions and Organic Molecules 705 

1) are a constant source of variability. This variability is illustrated 
in two ways. First, we have coUeeted a large number of uptake meas¬ 
urements and calculated the range, SD, and SE (Table 3). Second, we 
have made six L-leucine uptake measurements on cells from the same 
flask and six measurements on cells from six flasks that have been 
treated identically (Table 4). It is clear that we observe large varia¬ 
tions in uptake rate. Others have also reported similar variations 
(King and Oleniuk, 1973; Ruesink, 1978). Thus interflask variability can 
make comparisons of uptake rates difficult to interpret and can lead to 
inaccuracies. This problem of variability can be dramatically reduced 
either by making measurements or by comparing rates for cells from 
the same flask. For example, if the influence of a metabolic inhibitor 
is being determined, assays with and without the inhibitor would be 
conducted for cells from the same flask at the same time. In this way 
the influence of the metabolic inhibitor can be estimated without inter¬ 
flask variability. However, even though several replicates may be 
made from a single flask, only one population of cells has been tested. 
To have more confidence in the values obtained, the same set of assays 
should be performed on cells from additional flasks of cells. 

The general health of a culture can drastically influence the uptake 
rate. L-leucine uptake rates for a culture of tobacco cells that has 
turned just slightly brown can be 0.5-0.2 times the normal rate. As a 
general rule we only measure uptake in cells that appear to have the 
growth characteristics and color of the normal phenotype. 


Table 3. Variability in Uptake Rates® 


L-LEUCINE RATES 

AMITROLE RATES 

12.49 ± 2.78 ± 0.45 [7.20-18.80] 

1.35 ± 0.24 ± 0.04 [0.97-1,79] 


® L-leucine and amitrole uptake rates were measured in cells from 39 
and 30 different flasks, respectively. All measurements were made on 
cells 3 days after subculturing at an L-leucine concentration of 0.1 mM 
and an amitrole concentration of 0.2 mM. One person ran all of the 
amitrole assays and another person ran the L-leucine assays. Rates in 
nmol/(ml HV-min) ± SD ± SE [range]. 


Table 4. Interflask and Intraflask Variability® 


CELLS FROM SIX 

CELLS FROM THE 

DIFFERENT FLASKS 

SAME FLASK 

12.0 ± 2.4 [9.5-16.2] 

14.9 ± 0.9 [14.2-15.9] 


® Cells had their L-leueine uptake rate measured 3 days after subcultur- 
ing. Six measurements were made at an L-leueine concentration of 0.1 
mM. Rate in nmol/(ml HV-min) ± SD [range]. 
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Transport in Protofdasts 

Although the above is pertinent to transport studies in general, it 
has focused on transport measurements in suspension cultured cells. 
The reader wishing to use protoplasts may encounter some unique prob¬ 
lems associated with isolating end measuring uptake in protoplasts. 
Protoplasts can be made from either cultured cells or leaves. The con¬ 
siderable literature on the production and characterization of proto¬ 
plasts has recently been reviewed (Galun, 1981; Gamborg et al., 1981). 
Protoplasts from cultured cells (Briskin and Leonard, 1979; Mettler and 
Leonard, 1979a,b) and from leaves (Taylor and Hall, 1976; Robinson and 
Mayo, 1977; Guy et al., 1978, 1980; Rubinstein and Tattar, 1980; Guy 
et al., 1981; Volokita et al., 1981) have been employed in transport 
studies. The reader may wish to consult some of these sources when 
developing a protoplast transport assay. 

PROTOCOL FOR MEASURING UPTAKE IN SUSPENSION CULTURED 
CELLS 

Equipment 

1. Tabletop clinical centrifuge. 

2. Vortex mixer. 

3. Wire or cloth mesh basket with a pore size of about 1.0 mm. 

4. 15 ml graduated centrifuge tubes. 

5. MiUipore suction filter apparatus with 15 ml chimney. The filter 
should be a screen with a mesh size that traps the cells but does 
not clog when cells are trapped. We make the screens by gluing 
wire mesh cloth between two metal washers. 

6. 40 ml heavy-duty plastic tubes that fit snugly in the top of the 
vortex mixer. 

7. Special centrifuge tubes for albumin and total protein; 6.5 ml 
graduated in 0.01 ml from 0 to 0.4 ml; in 0.1 ml from 0.4 to 1.0 
ml; in 0,5 ml from 1 to 2 ml; and at 3, 4 and 6.5 ml (Fisher Sci¬ 
entific catalog #05-663. Kimble catalog #46800, listed under 
tubes, sedimentation, McNaught and MacKay-Shevky-Stafford). 

8. Tissue grinders [Beilco Glass, Inc. Vineland, N.J. 08360; catalog 
#1979-00005 (3 ml) or 1979-00003 (1 ml)]. Either size will work, 
but the 1 ml size breaks more easily. 

9. Widemouth pipets for taking samples which can be made by cutting 
off the tip of a 10 ml pipet. Mechanical pipetters like Pipetmen 
(Rainin Inst. Co.) can be used by cutting off the end of a dispos¬ 
able plastic tip. 

10. Liquid scintillation counter. 

11. Pasteur pipets, flasks, beakers, spatula, protective gloves, and 
other general lab supplies. 

Assay 

1. Make 6 ml of incubation solution using complete culture medium 
(sterile), appropriate amount of unlabeled solute (a filter-steri- 
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lized, stock solution can usually be stored at 5-10 C for several 
weelffi), and several (iCi of isotope. The amount of isotope used 
depend^ upon the uptake rate. Each counted sample should have 
a minimum of 100 cpm. Tlie pH should be checked prior to the 
addition of the isotope and adjusted if necessary. Pipet 0.05 ml 
of the incubation solution into a scintillation viaL TTiis is the 
assay standard used for estimating the specific activity of the 
incubation solution. 

2. Prepare four 100 ml wash solutions. We use Linsmaier and Skoog 
(1965) minus KH 2 PO 4 and FeS 04 . 

3. In a 250 ml beaker containing about 20 ml of complete culture 
medium place a wire mesh basket. Into the basket pour from a 
culture flask several ml of cell suspension. Gently swirl the bas¬ 
ket and then pour the filtered eeU suspension into a 15 ml gradu¬ 
ated centrifuge tube. 

4. Centrifuge the cell suspension for 1 min at maximum speed in a 
tabletop clinical centrifuge (about 1600 x g). 

5. If fewer than 3 ml of packed cells are recovered, pour off super¬ 
natant, add more filtered cell suspension, and repeat. If more 
than 3 ml of cells have been pelleted, gently stir with a spatula 
just above the pelleted cells until 3 nd of pelleted cells remain. 

6 . Pour off supernatant and by gently squirting wash fluid into the 
test tube, transfer the cells to a 40 ml plastic incubation tube. 
Centrifuge the cell suspension for 1 min at maximum speed in a 
clinical centrifuge. Pour off the supernatant. 

7. Place tube on Vortex and add 6 ml of incubation solution. Stir 
solution and start Vortex. 

8 . At 15 sec, 3, 6 , and 9 min stop Vortex and take a 1.0-1.2 ml 
sample with a widemouth pipet. 

9. Place sample in the chimney of a MiHipore suction filtration appa¬ 
ratus. Suck 100 ml of wash fluid through the cell pellet and then 
suck the cell pellet dry. 

10. Homogenize the peUet with a tissue grinder in about 1 ml of 
water. Transfer the homogenate to a special centrifuge tube and 
centrifuge for 1 min at maximum speed in a tabletop centrifuge. 

11. Measure total volume and pellet volume (HV). Put 0.1 ml of the 
supernatant in a scintillation vial. 

12. Count the standard and the sample points. Plot epm/ml HV versus 
time. Calculate the slope of the resulting line and determine the 
line correlation. The slope in cpm/(ml HV- min) is the uptake 
rate. Using the specific activity of the standard, this rate can 
be converted to moles/(ml HV min). The line correlation will 
indicate if there are "bad" points in an assay. 


PROTOCOL FOR MEASURING UPTAKE IN PROTOPLASTS 
Equipment 

1. 30 C and 25 C incubators with fluorescent lamps. 

2* 15 ml centrifuge tubes graduated in 0.1 ml units. 
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3. Variable, slew-speed centrifuge. 

4. Hemocytometer. 

5. Inverted microscope or other microscope for counting protoplasts. 

6. Liquid scintillation counter. 

7. Pasteur pipets, flasks, beakers, protective gloves, and other general 
lab supplies. 


Protoplast Preparation 

1. Select uniform healthy leaves and peal the lower epidermis. Cut 
the peeled leaf parts into strips several mm in width. 

2. Plasmolyze leaf pieces in 600 mM sorbitol, 29 mM sucrose, 5 mM 
MgCla, 20 mM MES-KOH pH 5.5 at 25 C for 20 min. This removes 
the plasma membrane from the wall, so it is less likely to be at¬ 
tacked by enzymes in ceUulysin. 

3. Add ceUulysin (Calbiochem) and dithiothreitol to a final concentra¬ 
tion of 0.5* (w/v) and 2 mM, respectively. Incubate for 2-3 hr, in 
the light, at 30 C without agitation. 

4. Filter the mixture throi^h a 74 mn polypropylene screen and cen¬ 
trifuge at 400 X g for 2.5 min. 

5. Resuspend peUet in 1.2 ml of 600 mM sorbitol, 29 mM sucrose, 5 
mM MgCl 2 , 50 mM Hepes-KOH pH 8.0 at 4 C. 

6. Place the suspension on a chiUed solution of 5.5* (w/v) PEG (6000), 
2.5 mM dextran (T40), 400 mM Na-phosphate buffer (pH 7.5), and 
0.6 M sorbitol, and centrifuge at 300 x g for 5 min. This proce¬ 
dure removes damaged protoplasts and other debris as weU as con¬ 
taminating microorganisms. The rest of the procedure should be 
done in aseptic solutions for short-term assays and asepticaUy for 
long-term assays (>1 hr). Remove the purified protoplasts banding 
at the interface and wash twice by centrifugii^ at 400 x g for 1 
min in the solution to be used for uptake experiments [600 mM 
sorbitol, 29 mM sucrose, 1 mM glucose, 1 mM Ca(N 03 ) 2 , 0.25 mM 
MgSq4, 5 mM each of Ibis, HEPES and MES 7.0)]. 

7. Purified protoplasts resuspended in the uptake solution (minus up¬ 
take solute) can be used immediately or stored for about 18 hr at 
4 C. 


Uptake Measurement 

1. Determine the density of protoplasts in the protoplast suspension by 
counting a small volume using a hemocytometer. 

2. Prepare 1.2 ml of incubation solution which is the solution above 
(step 6) plus labeled and unlabeled solute. Put 0.05 ml of the in¬ 
cubation solution and a volume of [votoplast suspension equal to 
that to be used in each sample point into a scintillation vial. 
This will be used to determine the specific activity of the incuba¬ 
tion solution. 

3. Add ca. 3 x 10® proto^asts to each of four incubation solutions so 
that the total volume in each is 250 nl. Gently swirl solution and 
then incubate without swirling at 25 C in the light. 
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4. Take one sample point as quickly as possible by removing a 200 |il 
aliquot from one incubation tube and placing it in a calibrated 
centrifi^ tube eontainii^ 10 ml of ice cold incubation solution 
minus isotope. Centrifuge at 45 x g for 7 min, aspirate to 0.2 ml 
abqve the pellet, and repeat. Add 0.2 ml of incubation solution 
(minus isotope) and vortex the tube. Transfer 0.3 ml to a scintil¬ 
lation vial for counting. The dpm/10^ protoplasts in this sample 
are considered to represent background binding and are subtracted 
from uptake samples taken at later times. 

5. Stop the uptake in the other three incubation tubes as above after 
5, 10, and 15 min. 

6. Convert cpm/lO® protoplasts to dpm/10® protoplasts with a quench 
curve prepared using protoplasts. 

7. Subtract zero time dpm/10® protoplasts from other sample dpm/10® 
protoplasts and calculate the rate from the three sample points. 

8. Using the specific acitivity of the incubation solution, convert the 
rate to pmol/10® protoplast ■ min. 


Other Considerations 

1. Sorbitol and sucrose are not pure and may contain heavy metals 
and other compounds which reduce the effectiveness of cellulysin 
and damage the protoplasts. Sugars should be purified, Chelex- 
100 (Bio Rad, Richmond, Ca.) can be used. Agitate a 500 ml of 
sugar solution with 5 g of Chelex-100 overnight at 4 C. The solu¬ 
tion can be centrifuged to remove the Chelex-100. 

2. Protoplasts are very delicate and should be handled very gently. 
At various times the condition of the protoplasts should be 
cheeked. Visual inspection and an exclusion dye like Evans blue 
can be used. 


FUTURE PROSPECTS 

There are a multitude of reasons why a biologist will want to char¬ 
acterize the transport of a solute in a cell or an organism. Cultured 
cells, including protoplasts, provide an excellent system for studying 
transport into or out of a ceU. Advantages of the cultured cell system 
were mentioned in the introduction. Two of these are of particular 
importance to the field of transport. The first involves the exposure of 
all cells to the incubation solution. Diffusion of solutes into the cell 
free space may present a serious problem for the study of transport in 
tissues or organs. Ehwald et al. (1979) have shown that low substrate 
concentrations (below 0.1 M for potato slices 0.7-1.5 mm thick and 
below 0,001 M for slices of sugarbeet root 0.6-2.4 ram thick) and the 
rate of sugar uptake by plant tissue is limited by diffusion in the free 
space. If this is true for other tissue and organ systems, then much of 
the work reported for tissue slices and organs is imprecise at best. 
This problem of diffusion in the free space can be totally eliminated by 
using protoplasts or reduced markedly by using cell suspensions that 
have been filtered through a fine mesh filter. Along these same lines. 
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the cell wall is a charged, unstirred layer where solute movement is 
diffusional. The movement of ions and charged molecules like amino 
acids may be influenced by the cell wall, and this influence may signif¬ 
icantly alter transport. Again the wall-free protoplast may be the 
ideal solution to this problem. Various reports have shown that proto¬ 
plasts are similar to tissue cells (Guy et al., 1978; Rubinstein, 1978; 
Briskin and Leonard, 1979; Mettler and Leonard, 1979a,b; Rubinstein 
and Tattar, 1980; Morris and Thain, 1980; Galun, 1981). However, too 
little work has been done with protoplasts to establish their real value. 
We cannot say for certain how the transport systems are effected by 
the enzymatic removal of the wall or if they function normally in the 
medium required to keep protoplasts healthy. Although the results 
have been encouraging, some questions have been raised. Transport 
rates appear to be lower in protoplasts than in the source tissue, one- 
sixth to one-third lower for of-aminoisobutyric acid in oat leaf proto¬ 
plasts (Rubinstein and Tatter, 1980), and about 50S5 lower for 3-0- 
methyl glucose and o-aminoisobutyric acid in pea leaf protoplasts (Guy 
et al., 1978). Rubinstein (1978) reported that the membrane potential 
in oat leaf protoplasts was -62 mV, while that of oat leaf cells was 
-140 to -150 mV. Only additional study will indicate whether these 
and other reported differences will prove to be detriments to the use 
of protoplasts in transport studies. 

The second advantage of major future importance is the ability to 
use cultured cells for the isolation of transport mutants. Microbial 
transport is understood far better than transport in any higher organ¬ 
ism. This is primarily because transport mutants have been isolated 
and characterized. Mutants are powerful tools, as they provide us with 
a way of dissecting normal functions into component parts. Although 
several preliminary reports have suggested that amino acid transport 
mutants have been isolated (Widholm, 1974; Berlin and Widholm, 1978), 
transport mutants in plants and their use in dissecting transport pheno¬ 
mena are for the future. Only when considerable effort has been ex¬ 
pended will we know if permeability mutants can be isolated and if 
they will be of significant value in elucidating transport phenomena. 

It has only been within the last decade or two that the study of 
genetics became more than an academic pursuit. The importance of 
genes was never questioned, but the practical usefulness of genetics 
was lacking, I believe that the history of transport may turn out to 
be similar to that of genetics. No one questions that transport is a 
vital cellular and organismal function. For this reason we study it. 
But will transport knowledge enable us to improve crop yields? No 
one knows, but we can speculate. What is hybrid vigor? Could it be 
the uptake of critical nutrients like nitrate? Are the quantities of 
specific seed proteins produced, at least in part, a function of the 
amino acids taken up by the cotyledons or the endosperm? Transport 
studies can provide information on such questions and that information 
may enable us to design or select better crop plants. Cultured cel^ 
certainly have a place in the transport field and their contribution in 
the future win be significant. 
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CHAPTER 23 

Production of Useful Compounds 
in Culture 

y. Yamada and Y. Fujita 


The production of useful compounds by plant cell cultures has become 
increasingly significant in the field of biotechnology. There are two 
important problems that have to be overcome for in vitro production of 
useful compounds. These are the selection of specific cells that 
produce high amounts of the desired compounds and the development of 
an adequate culture medium for the production of such useful com¬ 
pounds. In this chapter we discuss the selection method of cell aggre¬ 
gate cloning as used with Euphorbia millii and the establishment of the 
most suitable medium for production of shikonin derivatives by Litho- 
spermum erythrorhizon cells in suspension culture. 


SELECTION FOR THE CELL WITH A SPECIFIC CHARACTER 

Usually plant cell cultures produce only small amounts of secondary 
metabolites when we induce callus and then subculture cells. Recently, 
however, cell strains containing amounts of secondary metabolites 
greater than those found in intact plants have been isolated by clonal 
selection. The successful selection of cells producing high amounts of 
secondary metabolites has been made possible because of the hetero¬ 
geneity associated with cultured plant cells. It has therefore been 
possible to select cells and develop cell lines with desirable character¬ 
istics. For example, photoautotrophic cells (Huesemann and Barz, 1977; 
Yamada and Sato, 1978; Yasuda et al., 1980), resistant cells (Palmer 
and Widholm, 1975; Maliga et al., 1976; Nabors et al., 1980), high vita¬ 
min-producing eelte (Yamada and Watanabe, 1980; Matsumoto et al.. 
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1980; Watanabe and Yamada, 1982), high pigment-producing cells (Kin- 
nersley and Dougall, 1980; Yamamoto et i., 1982), and high alkaloid- 
producing cells (Zenk et al., 1977; Ogino et al., 1978; Yamada and 
Hashimoto, 1982) have each been obtained in various plant species. 

The selection of cells producing high amounts of a useful metabolite 
is an important method for the production of useful compounds using 
cultured cells. In selecting specific cells, the two methods generally 
used are single-eeU cloning and cell-aggregate cloning. The difficulties 
associated with the isolation and culture of single cells limit applica¬ 
tion of this method. The latter method of cell-aggregate cloning may 
appear to be more time consuming but so far it is easier and has been 
more successful. 

The cell-aggregate cloning method has been successfully used to ob¬ 
tain high anthocyanin-producing cells from Euphorbia millii by Yamamo¬ 
to et al. (1981, 1982). 


Method of Selection 

There are two questions with respect to clonal selection: (1) How 
can we determine whether the high productivity for secondary metabo¬ 
lites in selected cell strains is stable? (2) How long must we continue 
clonal selection in order to obtain stable cell strains that produce sec¬ 
ondary metabolites? 

The outline of the selection method, cell-aggregate cloning, is shown 
in Fig. 1. Original Euf^orbia mUlii calli which produced a red pig¬ 
ment, cyanidin monoglucoside, were induced from leaves. The color of 
the induced calli was mottled red and white. These calli were cut 
into 128 segments (cell mass, ca. 3 mm) with a scalpel. Each segment 
was coded and placed on agar medium (25 ml) in a sectioned petri dish 
9 cm in diameter. The agar medium consisted of Murashige and Skoog's 
basal solution (Murashige and Skoog, 1962) supplemented with 1 
2,4-D, 0.2S5 (w/v) malt extract, 2% (w/v) sucrose and 0.8% (w/v) agar. 
The segments were cultured at 28 C under fluorescent light of 6000 
lux for 10 days. Each of the nine segments on a petri dish was cut 
into two cell aggregates; one (Di) for subculture and the other (D 2 ) for 
quantitative analysis of the pigment. From the analysis of D 2 Yamamo¬ 
to et al. selected the reddest Di cell aggregate from each petri dish. 
These selected cell aggregates were cut into several segments (cell 
mass, ca. 3 mm). All these segments were coded and trarmplanted onto 
fresh medium in a nine section petri dish. Segments selected at each 
transplantation were cultured on the same medium using the above con¬ 
ditions. This selection procedure was repeated 28 times. 

The reddest ceH-aggregates were selected continuously from each of 
the 28 subcultures of the original mottled-red Euphorbia mUUi callus. 
Two characteristic terms (C and C"’°*) in the frequency distribution of 
cell-aggregates from the 16th to 28th passages were plotted against 
the pigment content _(Fig. 2). 

The mean value (C) for the pigment content increased nearly three¬ 
fold from the 16th to 22nd passages. It came within the limit of 7.46 
± 0.56 after the 23rd passage which was seven times higher than the 
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ABC 



E Di D2 


Figure 1. Outline of the selection method. (A) The original E. mUlii 
calli were divided into 128 segments, and a segment was placed on 
agar-medium in one section of a nine-section petri dish and coded, (B) 
Segments were cultured at 28 C under light (6000 lux) for 10 days, 
(C) Each grown segment was then divided into two cell aggregates; one 
(Di) for subculture and the other (D 2 ) for quantitative analysis of the 
pigment. (Di) The reddest of the nine aggregates were removed and 
placed in an empty petri dish (E). (E) Each of these red aggregates 
was divided into several segments, of which the reddest pieces were 
removed, then coded and placed on agar medium. 

pigment content (1.05) of the original callus. The maximum value 
(C"’°*) increased nearly threefold from the 16th to 19th passages, and 
was within the limit of 12.96 ± 2.36 after the 20th passage. 

The 9A and 9F cell lines originated from the 9A and 9F cell ag^e- 
gates of the 9th subculture. In this subculture, the 9A and 9F lines 
produced pigment-rich descendants at high frequencies. Tlie distribu¬ 
tion rates of these two cell lines in the population of cell aggregates 
from the 16th to 24th passages is shown in Fig. 3. 

The distribution rate of the 9F cell line was lower than that of the 
9A cell line at the 16th subculture, but equalled it at the 20th subcul¬ 
ture. This rate gradually increased and reached 1003s at_the 24th sub¬ 
culture. Yamamoto et al. found that the mean value (C) for the pig¬ 
ment content in cell aggregates of Euphorbia mUlii became stable after 
24 clonal selections (Fig. 2). In addition, the distribution rate for cell 
aggregates of the 9F cell line reached 10036 in the population after the 
24th passage (Fig. 3). All the aggregates after the 24th passage were 
derived from the 9F cell aggregate. If the mean value for the content 
of secondary metabolites is stable in a population of cell aggregates 
chosen by successive clonal selection, and if all the cell aggregates are 
derived from one cell aggregate, they should consist of cells with high 
and stable productivity of secondary metabolites. These results show 
that it is possible to isolate and culture a ceU strain containing a high 
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Subculture generation 

Figure 2. Trends of the two characteristic terms; the mean value (C) 
and maximum value (C"’®*) in the frequency distribution of cell aggre¬ 
gates with various pigment contents from the 16th to 28th passages. 
Cell aggregates were subcultured on Murashige and Skoog's agar medi¬ 
um with 2,4-D (1 aM), malt extract (0.2^ w/v), and sucrose (2% w/v) at 
28 C under light (6000 lux) every 10 days. 

and stable pigment content from Euphorbia millii callus after 24 suc¬ 
cessive clonal selections. 


Summary of Selection of Specific Cells 

From the preceeding experiment it is our belief that cultured cells 
are heterogeneous in their production of pigments during early passages 
and that high pigment-producing variant cells also exist. Results show 
that one could select more cell aggregates of the 9F cell line than of 
the 9A cell line at each subculture and that the 9F cell aggregate had 
higher pigment-producing variant cells (Yamamoto et al., 1982). 

In preliminary experiments, Yamamoto et al. (unpublished) failed to 
obtain a high pigment-producing strain of cultured E, millii cells by 
single cell cloning because culture of a single cell was very difficult. 
The cell-a^regate cloning used in this study appears superior to single 
cell cloning. 
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Figure 3. Distribution rates of the 9A and 9F ceU lines in the popula¬ 
tion of cell aggregates from the 16th to 22nd passages. The 9A and 
9F cell lines were derived from the 9A and 9F ceU aggregates of the 
ninth subculture. Distribution rate (the number of cell aggregates of a 
specific cell line/the number of total ceU aggregate) x 100. 


CULTURE MEDIA FOR PIGMENT FORMATION BY Lithospermum 
erythrorhizon 

Lithospermum erythrorhizon Sieb et Zucc. (Boraginaceae) is a peren¬ 
nial plant native to Japan, China, Korea, and Southeast Asia. Its root 
is called shikon in Chinese medicine and contains red pigments. The 
red pigments comprise shikonin possessing a structure of naphthazarin, 
its lower aliphatic acid ester, and the deoxy derivative of shikonin 
(Fig. 4). 

The red pigments have long been used in Japan as a medicine for 
wounds, burns, etc. and as dyestuffs. In Japan it is still being used as 
a medicine for hemorrhoids. 

Tabata et al. (1974) studied the production of shikonin derivatives by 
the cell cultures of L. erythrorhizon. Their study has shown that cal¬ 
lus derived from the seedling could produce shikonin derivatives on L S 
agar medium supplemented with 1 uM lAA and 10 uM KIN. Mizukami 
et al. (1977) have also reported the effects of nutrifionaTfactors such 
as su crose, nitrp gep sources, etc.. QiL-Shik.Qnin.-PE.O.dUSlionJ.n L. ery thro- 

rhUsu}. ^ 

Based on the research of Tab ata Fujita et aL (1981a,b) took 

up an investigation of the production of shikonin derivatives by cell 
suspension cultures in l^ge .tank^cultures. They aimed at improving 
the production of shikonin derivatives by giving particular attention to 
the me dium cnmpnsitinn . A ceU line, M-18 (Mizukami et al., 1978) re¬ 
ceived from Tabata was cultured in known liquid medium, where cell 
growth and amount of shikonin derivatives produced were studied by 
Fujita et al. (1981a,b). 
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Figure 4. Structures of shikonin derivatives. 


No shikonin derivatives were produced in cell suspension cultures 
grown in Linsmaier-Skoog medium, a suitable medium for cell growth. 
Although White medium favored the production of shikonin derivatives, 
it could not support good cell growth. Fujita et al., however, consid- 
'ered that a culture combining these two media might effectively yield 
shikonin derivatives and support cell growth because of mutual supple¬ 
ments of each other's deficiencies. Fujita et al. evaluated a two-stage 
culture method consisting of proliferation of cells using LS mediiupr 
suitable for cell growth as the first stage culture, and obtained shiko¬ 
nin derivatives from the resulting cells using Whi^ medium suitable for 
the production as the second stage culti^. The results obtained are 
given in Table 1. Although the cidture duration was as long as_2^3 
days- because of the two-staged culture method, the growth rate at¬ 
tained a t wentyfold incre ase. The production of shikonin derivatives in 
the second stage was not affected by the preculture with LS medium 
as the cells produced L3.0 mg/1 shikonin derivatives. Consequently, 
Fujita et al. decided to adopt a two-staged culture method for the 
production of shikonin derivatives. 


Table 1. Effects of Two-Staged Culture Method on Cell Growth and 
Production of Shikonin Derivatives 



CULTURE FOR 
CELL GROWTH 

CULTURE FOR 
PRODUCTION 

total 

Medium 

LS® 

White 


Culture duration (days) 

9 

14 

23 

Growth rate (times) 

6.7 

3.0 

20 

Shikonin derivatives 
formed (mgA) 

0 

130 

130 


®Linsmaier-Skoog. 
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Development of Medium for Production of Shikonin Derivatives 

As shown in Table 2, cell growth and production of shikonin deriva¬ 
tives were greatly influenced by the medium used. The results listed 
in Table 1 were obtained by the combination of LS medium and White 
medium that ’ were selected from the known media listed in Table 2. 
Therefore, the best media for ceU growth and shikonin derivative pro¬ 
duction might be compositions other than the two media mentioned 
above. Fujita 6t al. (1981a,b) investigated the relationships between 
the different levels of all the components in LS medium and cell 
growth and between those of the White medium and the paroduetion of 
shikonin derivatives in order to identify the optimum medium for 
secondary product synthesis. 

■ 

Table 2. Effects of Type of Media on Cell Growth and Production of 
Shikonin Derivatives® 


SHIKONIN 

DERIVA- 

CELL TIVES 

CONCENTRATIONS OF YIELDS FORMED 


MEDIUM 

NUTRIENTS (mM) 
NH 4 * NO 3 - PO 4-3 

K+ 

(g DW/1) 

(mgA) 

LS 

21 

39 

1.3 

20 

16.8 

0 

Gamborg 

2.0 

25 

1.1 

25 

12.2 

0 

et al. 

B5 

White 

0 

2.5 

0.12 

1.7 

6.8 

130 

Nitseh- 

9.0 

18 

0.5 

9.9 

4.6 

0 

Nitseh 

Blaydes 

13 

25 

2.2 

13 

4.0 

0 


®Cells of 0.5 g fresh weight were inoculated into 100 ml flasks con¬ 
taining 27 ml of medium, and cultured for 14 days in the dark at 25 C. 
AU the media were supplemented with 1 jiM lAA and 10 nM KIN. 


The results indicated that most of the unique components in White 
medium had strong effects on the production of shikonin derivatives as 
wen as on cell growth (Fujita et al., 1981a,b). The effects of inorgan¬ 
ic and organic components on the production of shikonin derivatives 
were as follows: 


INORGANIC COMPONENTS. White medium contains 15 kinds of in¬ 
organic components, of which NOsj. jCu'tV and S04~^ demonstrated the 
strongest effects on the production of shikonin derivativgs. Both the 
yield of shikonin derivatives and the cell growth increased eis the NOs" 
concentration increased but decreased above J.0..mM NO?~ ( Fig- 5). The 
optimum concentration for both growth and shikonin derivative produc¬ 
tion was 6^ mM, which was different from the concentration in White 
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Figure 5. Effect of the concentration of NOs' on the production of shi- 
konin derivatives and on cell growth. The concentration of 'iifOf in 
White medium was 3.3 mM. . >... f ' 


V 

medium (3.3 mM). The yield of shikonin derivatives increased with an 
increase in the concentration of Cu^'*', but became constant when the 
concentration exceeded 0.8 nWi/ Based on these results, Fujita et al. 
adopted the Cu^'*' concentration of 1.2 jiM, which corresponds to 30 
times the concentration of Cu^'*' in White medium. The concentration 


of Cu^"*" had almost no effect at all on the ceU growth. The yield of 
shikonin derivatives steeply rose with an increase in the concentration 
of SOT^, and the optimum concentration was found to be 13.5 „jdM (4.5 
mM in White medium). Cell growth was slightly inhibited by SOT^ 


ORGANIC COMPONENTS. The yield of shikonin derivatives in¬ 
creased with the concentration of sucrose up to 29^'and was inhibited 
when concentration was over 5%/ CeU growth increased as the con¬ 
centration of sucrose rose to above which it became constant. 
From these results, Fujita et al.'lRxed the concentration at .3%^ 

The optimum medium for the production of shikonin derivatives was 
obtained by replacing the concentration of each component in White 
medium by the corresponding optimum concentration of each mediuixr' 
component. It was named the M::.&-inedium by Fujita.-et;_ .al. Its com¬ 
position is compared with that of White medium in Table 3. The signi¬ 
ficant characteristics of M-9 medium as compared with White Medium 
are that the concentration of_XUi?i-is very high, the number of in¬ 
organic components are redu^d, and no vitamins or amino acids are 
added to the culture medium. 

As a result of the studies, Fujita et al. developed the MG-5 medium 
for optimum cell growth (Table 4) and the M-9 medium for the optimum 
production of shikonin derivative. The two-staged culture of the cells 
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TaUe 3. Compositions of White Medium and M-9 Medium 



WHITE MEDIUM 

M-9 MEDIUM 

COMPONENT 

(mg/I) 

(mg/1) 

Ca(N03)2 X 4 H 2 O 

300 

694 

KNO 3 

so 

80 

NaH2P04 X 2 H 2 O 

21 

19 

KCl 

65 

65 

MgS04 X 7 H 2 O 

750 

750 

NaiSO"* 

200 

1,480 

MnS04 X 4 H 2 O 

5 

0 

ZnS 04 X 7 H 2 O 

3 

3 

Fe(SO^) 

2.5 

0 

NaFe-EDTA 

0 

1.8 

H 3 BO 3 

1.5 

4.5 

KI 

0.75 

0 

CUSO 4 X 5 H 2 O 

0.01 

0.3 

M 0 O 3 

0.001 

0 

Sucrose 

20,000 

30,000 

Glycine 

3 

0 

Nicotinic acid 

0.5 

0 

Thiamine x HCl 

0.1 

0 

Pyridoxin x HCl 

0.1 

0 

lAA 

0.00018 

0.0018 

Kinetin 

0.0022 

0 

Table 4. Compositions of LS Medium and MG-5 

Medium 

COMPONENT 

LS (mg/1)® 

MG-5 (mgA) 

NH 4 NO 3 

1650 

500 

KNO 3 

1900 

1900 

NaN 03 

0 

2480 

CaClj X 2 H 2 O 

440 

150 

MgS04 X 7 H 2 O 

370 

120 

MgClj X 6 H 2 O 

0 

203 

KH 2 PO 4 

170 

170 

FeS04 X 7 H 2 O 

27.8 

27.8 

Na 3 X EDTA 

37.3 

37.3 

MnS04 X 4 H 2 O 

22.3 

22.3 

ZnS04 X 7 H 2 O 

8.6 

8.6 

H 3 BO 3 

6.2 

1.9 

KI 

0.83 

0 

Na2Mo04 X 2 H 2 O 

0.25 

0.25 

CuSO X 5H 0 

0.025 

0.025 

Sucrose 

30,000 

30,000 

Inositol 

100 

100 

Thiamine x HCl 

0.4 

0.4 


'Linsmaier-Skoog 
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was performed by combining these new media, and the results are 
presented in Table 5. 


Table 5. Results of Two-Staged Culture by Combining MG-5 and M-9 
Media 



CULTURE FOR 
CELL GROWTH 

CULTURE FOR 
PRODUCTION 
OF SHIKONIN 
DERIVATIVES 

TOTAL 

Medium 

MG-5 

M-9 


Culture duration (days) 

9 

14 

23 

Growth rate (times) 

7.5 

3.6 

27 

Shikonin derivatives 
formed (mg/1) 

0 

1,500 

1,500 

Content of shikonin 
derivatives in the 
cells (%) 

0 

13.6 

13.6 


Thus, by using a two-staged culture, as much as 1500 mgA of shiko- 
nin derivatives were produced (the content of these derivatives reached 
13.6SB), and the yield was about 11.5 times that obtained when LS and 
White media were combined. In addition, growth rate was improved 
1.1 times. Hie E«-oductivity of shikonin derivatives per inoculum there¬ 
fore increased about 13 times, certainly a significant improvement. 


Summary of Culture Medium Manipulations 

y 

These studies were aimed at the production of shikonin derivatives 
with higher yield by the cell suspension cultures of yLithospermum 
erythrorhizon. It was observed that the respective media suitable for 
cell growth, and for production were different. To get a higher produc¬ 
tion of shikonin derivatives,^ a two-staged culture method was adopted. 
In this procedure the first culture was designed to promote cell 
growth, while the second culture was designed for production of 
shikonin derivatives^. By the consequent development of media most 
suitable for each culture, the two-staged culture method made it 
possible to produce 1500 mg/1 shikonin derivatives, about 13 tinies_^ 
higher than before. | Cnmpagad— with shikon requiring 2-.3 years foW 
harvest of the plant, cultured cells permit harvesting_juthilu.fife2HL7^ 
weekSr thereijy-gr^tly^^rartening-the pi?odufi.tioii.JseEiQdi The contenj^ 
of shikonin derivatives in the cultured cells was about 14%, which was 
extremely high compared with 1-2^ in the normal field grown shikon. 
■nie chemiei composition of shikonin derivatives obtained by the 
cultured cells were similar to those of the shikon, and the composition 
in the cultured cells was found to have less fluctuation when comparea 
with that of the shikoi^ 
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FUTURE PROSPECTS 

The production of useful compounds by cultured plant cells is possible 
if cells with specific characteristics produce the useful compounds that 
can be successfully selected. It is also possible to increase the 
amount of the compounds by establishing the most suitable medium for 
production of those useful compounds. Recently, the number of scien¬ 
tific publications on in vitro production of high amounts of useful com¬ 
pounds has increased. It is our belief that with the successes obtained 
so far in experimental studies, industrial production of such compounds 
using these techniques is a distinct possibility in the near future. 
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CHAPTER 24 

Flavor Production in Culture 

H.A. Collin and M. Waffs 


Much of the research and development on secondary product forma¬ 
tion in plant tissue cultures has concentrated on compounds such as 
the pharmaceuticals which can be classified as high-cost, low-volume, 
high-demand compounds. However, a number of other secondary com¬ 
pounds also come under this category. These are the essential oils, 
food flavorings, colorings, and gums which are all used by the conveni¬ 
ence food, ice cream, and confectionary industries. Table 1 provides a 
number of examples of these compounds (including some fragrant oils), 
grouped in order of cost. Some of the most expensive compounds are 
the fragrant oils used by the cosmetic industry, but also included in 
Group I is quassin which is a bittering agent for drinks. Saffron, a 
coloring agent, is in Group II, as well as gum acacia and the flavoring 
angelica. In the less expensive Group III are the herbs and their 
essential oils, such as cardamom oil, chamomile, the fruit flavor of 
buehu oil, black pepper, the bittering flavor of hops, spices such as 
ginger, and the food flavors of onion and vanilla. With the less-expen¬ 
sive compounds, such as onion flake and powder, the category changes 
to one of lower cost and higher volume. This change is seen more 
clearly in the next group, which contains the beverages tea, coffee, 
and cocoa; the flavoring of peppermint and spearmint; and the coloring 
turmeric. Less-well-known compounds are the polysacch^ide gums 
which have a very large market in all aspects of the food industry as 
stabilizers and thickeners. Examples are gum arabic, which is a tree 
exudate, guar derived from seeds, and carrageenan from marine algae. 

One of the major problems with a plant source of flavors and color¬ 
ings is ensuring that there is a constant supply. Many of the eom- 
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pounds are obtained from plants that are not grown under large-scale 
or controlled cultivation. This instability, combined with climatic, ha^ 
vesting, transport difficulties, and possible political problems in the 
country of origin, often leads to considerable fluctuations in the supply 
and therefore price of the compound. With each of these compounds 
there is interest in a more stable and easily controlled source. In 
addition to a stable source, new regulations governing the use of syn¬ 
thetic flavor and coloring additives to food have stimulated interest in 
replacing the synthetic sources with a plant or naturally derived 
source. Large-scale tissue culture has been seen as a way of providing 
a constant supply of compounds as well as going some way toward 
overcoming the toxicologic^ objections to compounds derived from syn¬ 
thetic sources. 

Although the potential for secondary product formation in large-scale 
tissue culture has been recognized for some time (Staba, 1963? Carew 
and Staba, 1965; Constabel et al., 1974; Zenk, 1978; DougaU, 1980; 
Yeoman et al., 1980), there has been only a limited investigation of 
the production of food flavors. One of the main reasons for this small 
amount of research effort has been the prolonged lack of success in 
stimulating flavor synthesis in undifferentiated tissue cultures. Most of 
the flavors are usually present in plants as a component of the essen¬ 
tial oil, so investigators have looked for the presence of the essential 
oil in the culture and the effect of culture on the composition of the 
oil. One of the earliest investigators was Staba, who in a review 
(Carew and Staba, 1965) suggested that the essential oils were not 
produced from cultures of flavor sources such as lemon, peaches, avo¬ 
cado, and mint because the tissue lacked the oil glands that are neces¬ 
sary for their synthesis and accumulation. This concept that the undif¬ 
ferentiated cultures of oil-producing plants were unable to produce the 
oil was reinforced by Becker (1970), who analyzed the tissue cultures 
of a variety of herbs (anise, fennel, sage, and peppermint) and found 
none of the volatile oils. However, Becker found that following redif¬ 
ferentiation of his cultures into roots and shoots, the normal capacity 
for synthesis was regained. In both celery and onion cultures the nor¬ 
mal pattern of flavor also reappeared in the differentiated tissue (Al- 
Abta et al., 1979; Selby et al., 1979; Turnbull et al., 1981). However, 
the production of essential oils and flavors does not always appear to 
require redifferentiated organs. Partially differentiated callus or sus¬ 
pension cultures of Ruta grovcolens (Nagel and Reinhard, 1975), chamo¬ 
mile (Szoeke et al., 1978), periUa (Sugisawa and Ohnishi, 1976), corian- 
drum (Sardesai and Tipnis, 1969), peppermint (Kireeva et al., 1978), and 
cocoa (Townsley, 1974; Jalal and Collin, 1979) all show synthesis of 
some or all of the flavor compounds. The reformation of secondary 
products in redifferentiated or partially differentiated tissue cultures 
indicates that cells in undifferentiated cultures still retain the capacity 
to synthesize secondary products, but that the path of synthesis is 
blocked in some way. The following is a discussion of the attempts to 
resolve this problem. 
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BIOSYNTHESIS OF FLAVOR COMPOUNDS 
Supply of Precursors 

Although it is generally accepted that tissue culture cells are toti¬ 
potent for their secondary pathways, there has been very little basic 
research on why the tissue culture cell shows a reduced activity of 
secondary pathways when compared to the normal plant. Overton and 
Picken (1977) appropriately state that too little is known about factors 
that inhibit secondary metabolite synthesis in tissue cultures or cause 
its reemrgence upon redifferentiation. Zenk (1978) has given many ex¬ 
amples supporting this view. In one approach it has been assumed that 
the blocked secondary pathways are drficient in one or more intermedi¬ 
ates. The intermediates are then supplied to the tissue culture in the 
nutrient medium. This approach has been largely unsuccessful unless 
the intermediate is at a position in the pathway which is close to the 
final product. 

In Capsicum annuum the flavor component capsaicin is synthesized 
from valine and phenylalanine. The immediate precursors of capsaicin 
from these two pathways are 8-methylnonenoic acid, which is similar to 
isocapric acid, and vanHlylamine. Thus supplying vanillylamine and iso- 
eapric acid raised the level of capsaicin considerably above that ach¬ 
ieved with the primary amino acid precursors (Yeoman et al., 1980). 
With the use of combinations of precursors to establish whether the 
limitation on production lay between phenylalanine to vanillylamine, or 
valine to isocapric acid, it was shown that as long as isocapric acid 
was present, capsaicin was produced, but if only valine was supplied, 
the production of capsaicin was an order of magnitude less. This indi¬ 
cated that the rate-limiting step for the production of capsaicin lay 
between valine and isocapric acid. 

In onion tissue cultures the rate-limiting step was established in a 
similar way. The flavor in onion. Allium cepa L., is produced from 
three flavor precursors, s-methyl, and s-propyl-l-cysteine sulphoxides, 
and trans-prop-l-enyl-l-cysteine sulphoxide which are hydrolyzed by an 
enzyme alliinase when the tissue is cut or crushed to give a variety of 
volatile flavor components (Schwimmer and Guadagni, 1962; Schwimmer 
and Mabelis, 1963). The s-methyl and s-propyl-l-cysteine sulphoxides 
are formed originally from serine, but the principal flavor precursor s- 
trans-prop-l-enyl-l-cysteine sulphoxide is synthesized from valine and 
cysteine (Granroth, 1970; Whitaker, 1976). The pathway of synthesis 
from valine to the intermediate, methacrylic acid, is part of a primary 
metabolic sequence. Methacrylic acid then combines with cysteine to 
form (s-2-carboxypropyl) cysteine, which is the start of a secondary 
pathway largely restricted to the Allium species, and which leads to 
trans-s-prop-l-enyl-l-cysteine and finally to the principal flavor precur¬ 
sor. When intermediates on the primary pathway such as sulphate, 
valine, methacrylic acid, and cysteine were fed to the onion callus, 
there was no production of the flavor precursor (Selby et al., 1980). 
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However, when intermediates in the secondary pathway were used, i.e., 
(s-2-carbo3cypropyl) cysteine and trans-s-prop-l-enyl-l-cysteine, there 
was active synthesis of the major precursor compound. It was sugges¬ 
ted that the block to precursor synthesis in the callus was where 
methacrylic acid combined with cysteine at the beginning of the secon¬ 
dary pathway. 

When radioactive intermediates were used it was found that, in both 
Capsicum (Yeoman et al., 1980) and onion (Turnbull et al., 1980), even 
with intermediates which were at an early stage of the primary path¬ 
ways, e.g., valine in Capsicum and C** cysteine in onion tissue 
cultures, some radioactivity was detected in the capsaicin and in the 
main onion flavor precursor. The presence of radioactivity in the flav¬ 
or compounds suggested that the secondary pathways were in fact 
operating in the tissue culture, but at an extremely low level. How¬ 
ever, when the cultures were fed intermediates, either in the primary 
pathway or at an early stage in the secondary pathway, no significant 
increase in synthesis of the secondary products occurred. This sugges¬ 
ted that the block in synthesis could be due to two possible factors. 
(1) The intermediates in the primary, or early stages of the secondary 
pathways, are more likely to be drawn off into other pathways than 
intermediates at a final stage in the secondary pathways. (2) A key 
enzyme determining the entry of intermediates into a secondary path¬ 
way may be inactive in the imdifferentiated culture (Yeoman et al., 
1980, 1981). Hence, intermediates supplied to the tissue cultures after 
this rate-limiting step stimulate synthesis of the final product, but not 
those intermediates before this stage. 

Evidence for reduced activity of key enzymes in intact tissue culture 
cells was provided by Banthorpe et al. (1976), who compared the syn¬ 
thesis of monoterpenes from a ‘‘‘C labeled precursor, isopentyl pyro¬ 
phosphate, in cell-free extracts from caUus and intact plants of Tana- 
cetum vulgare (tansy). The activities of the enzyme system in the 
callus extracts was higher than from the plants, yet none of the eaUus 
contained detectable levels of these monoterpenes. The enzymes re¬ 
quired for the biosynthesis of the monoterpenes, though present in the 
callus, were inactive or inhibited. An enzyme that has a regulatory 
role on another component of flavor, the polyphenols, is phenylalanine 
aramonialyase (PAL). In cultures where polyphenol synthesis occurs at 
the end of the growth cycle, the appearance of the polyphenols is 
always preceded by an increase in activity of PAL (Davies, 1971, 1972). 
The factors responsible for determining the activity of the regulatory 
enzymes need to be analyzed in more detail. 


Composition of the Medium 

Another approach to overcoming the block in the secondary product 
synthesis in tissue cultures is to alter the composition of the nutrient 
medium. This approach is based on the assumption that the pathway 
can be activated either by (1) a specific effect of a growth regulator, 
resulting in release of the rate-limiting st^e of the secondary pathway 
or, (2) an indirect effect that releases the limitation on the supply of 
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an intermediate caused by the activity of the primary pathways. The 
supply of available intermediates can be increased either by increasing 
the supply of basic nutrients to the culture or restricting the demand 
of the primary pathways by reducing the growth rate of the culture. 

In celery the essential oil contains the main flavor compounds the 
phthalides, of which 3-isobutylidene 3a,4-dihydrophthalide, 3-isovalidene 
3a,4-dihydrophthalide, 3-n-butylphthalide, and sedanolide are the most 
important. In a study of the effect of different auxin and eytokinin 
treatments on flavor production in undifferentiated celery tissue cul¬ 
tures, it was found that replacing 2,4-D with lAA initiated a low level 
of flavor production. Replacing 2,4-D with 2,3- and 3,5-diehlorophen- 
oxyaeetic acids, 3,5-dimethylphenoxyaeetie acid, and chloroisobutyric 
acid stimulated flavor production to a much greater extent, while 
chlorophenoxyacetic acid was ineffective. All these treatments except 
2,4-D and chlorophenoxyacetic acid caused the cultures to produce 
green, round aggregates; 3,5-dichlorophenoxyacetic acid produced both 
the highest flavor and greening levels. Thus the effects of growth fac¬ 
tor changes on flavor production are difficult to separate from the 
effects of differentiation in the form of greening. 

In tissue cultures of Capsicum the supply of macronutrients in the 
medium was reduced to inhibit growth of the tissue cultures and stimu¬ 
late the synthesis of capsaicin. The cultures were placed in a situa¬ 
tion of nutrient stress in medium with 5% of the normal nitrogen supply 
and no sucrose. Detectable levels of capsaicin were found in the tis¬ 
sue and in the medium. When cultures under nutrient stress were incu¬ 
bated with the intermediates vanyllalam.ine and isocaprie acid at the 
same time, the synthesis of the capsaicin was further increased to a 
level comparable with the concentration in the intact fruit (Yeoman et 
al., 1980). The same inverse correlation between growth and secondary 
product formation has been noted for alkaloids (Neumann and Mueller, 
1974; Yeoman et al., 1981). 


THE ROLE OF MORPHOLOGICAL AND CELLULAR DIFFERENTIATION 

In an early review of secondary product formation in tissue cultures 
Constabel et al. (1974) stated that whenever the synthesis and accumu¬ 
lation of secondary metabolites is dependent upon special biochemical 
and structural modifications in the plant cells there is no chance to 
exploit eeU cultures unless those modifications can be induced. It is 
known that the essential oils and flavor compounds in plants accumu¬ 
late in specialized tissues, such as glands in mint, oil ducts in celery, 
and swollen leaf bases in onion. Most of the work on essential oil and 
flavor production in tissue cultures has shown that synthesis of the 
complete oil or flavor only occurs when the cultures have been morph- 
ologicaRy differentiated to produce shoots and roots, or the culture 
contains specialized cells. Thus Becker (1970) found no essential oil 
synthesis in tissue cultures of a variety of plant herbs until redifferen¬ 
tiation. Fridborg (1971), Freeman et aL (1974), and Turnbull et al. 
(1981) demonstrated that redifferentiation of onion tissue cultures into 
roots or shoots was essential for the production of onion flavor. In 
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celery cultures embryogenesis was essential before the celery flavor 
was formed (Al-Abta et al., 1979). 

Some tissue cultures do produce an essential oil, but an examination 
of the culture generally reveals the presence of specialized cells or 
duets or a slow growth rate of the plant cells. Ruta graveolens cul¬ 
tures for instance produce an essential oil that is similar in composi¬ 
tion to the essential oil in the plant (Nagel and Reinhard, 1975), but 
the callus also contains the specialized oil-producing schizogenous pass¬ 
ages found in the differentiated plant (Reinhard et al., 1968). Tissue 
cultures of perilla also synthesize an essential oil, but this may be 
because of the aggregated state of the suspension. It is possible that 
aggregates have internal cell differentiation, or contain cells with a 
slow growth rate (Sugisawa and Ohnishi, 1976). Townsley (1974) found 
that to produce a cocoa aroma it was necessary to allow the cocoa 
suspension culture to become senescent. Oil-producing mint cultures 
also contained partially differentiated cells (Bricout and Paupardin, 
1975). In later studies on peppermint an essential oil was produced by 
culture, but the oil did not have the same composition as the oil from 
the plant. In these cultures oil production appeared to be derived 
from specialized giant cells in the callus (Kireeva et al., 1978). Cha¬ 
momile cultures only showed greening and morphological differentiation 
in the light, and only these light-grown cultures had the same essential 
oil as the plant (Szoeke et al., 1977). In aU these cases of essential 
oil production by tissue cultures, a level of cell or organ differentiation 
was found to be necessary before synthesis and accumulation of the 
secondary product occurred. It does suggest that cells need to attain 
a specific stage of differentiation before the secondary pathways are 
activated. 

In an investigation of the effect of stage of differentiation on the 
initiation of flavor production in celery, tissue cultures were analyzed 
for flavor production at various stages of differentiation. These inclu¬ 
ded undifferentiated cells; globular, heart, and torpedo embryoids; and 
differentiated plants (Al-Abta et al., 1979). The early globular and 
heart-shaped embryoids produced no flavor compounds, whereas the tor¬ 
pedo stage which was a more differentiated stage, possessing chloro- 
plasts and containing an internal cell differentiation did contain the 
phlthalide flavor compounds. There were no oil duets in torpedo em¬ 
bryos (Al-Abta and Ckjllin, 1978), so the synthesis of the flavor com¬ 
pounds in the essential oil was not dependent on the presence of highly 
specialized cell types. However, the torpedo-stage embryos were green 
which raised the possibility that flavor synthesis may be correlated to 
the greening. 

The effect of greening on flavor production in celery plant petioles 
showed a positive correlation (Table 2). Subsequent greening in celery 
tissue cultures was initiated by altering the composition of the medium 
and also by selecting for green clones. By replacing 2,4-D in the 
medium with a range of other phenoxyacetic acids of which the most 
effective was 3,5-dichlorophenoxyaeetie acid, greening could be induced. 
All the green cultures had the odor of celery, and an analysis of the 
media in which a selected green clone was being maintained showed 
the presence of phlthalides (Fig. 1). Light microscope studies of the 
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Table 2. The Relationship between Chlorophyll and Phthalide (Sedanon- 
ic Anhydride Measured as iig Ligustilide Equivalents) in 
Intact Celery Tissue and Cell Suspension Medium 


TISSUE SOURCE 

CHLOROPHYLL 
(mg g fwfi) 

SEDANONIC ANHYDRIDE 
(^g ligustilide equiv. 
g fwfi) 

Blanched petioles 

0.003 ± 0.001 

0.085 ± 0.01 

Green petioles 

0.041 ± 0.001 

0.091 ± 0.02 

Green leaves 

0.650 ± 0.100 

0.920 ± 0.33 

Green suspension 

- 

0.064 (medium) 

Nongreen suspension 


• 



-- TIME 

GL.C TRACES OF 

1 = SEED OIL i O 02 GRAM FRESH WEIGHT, 2=HERB0 ILb 1 GRAM FRESH WEIGHT, 3-GREEN CLONE MEDIUM 
EXTRACT SO 2 GRAM FRESH WEIGHT 

Figure 1. GC trace of extract of seed oil, celery leaf tissue, and a 
nutrient medium that had contained a green celery tissue culture clone 
(a, pinene; b, limonene; c, caryophyllene; d, sesquiterpene; e, 3-butyl- 
phthalide; f, sedanonic anhydride). 

green celery a^regates showed no differentiation into organized tneri- 
stem or embryoid structures, and under the electron microscope there 
appeared to be no obvious difference in the starch containing plastids 
in cells from both green and nongreen cultures. However, the presence 
of chlorophyll in the green cells did imply a more advanced chloroplast 
development, tilthough the role this might play in phlthalides synthesis 
is unknown. Greening has also been found to stimulate alkaloid pro¬ 
duction (Garve et al., 1980; Yeoman et al., 1981), so it is possible that 
the greening of plastids is merely an expression of an overall cell dif- 
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ferentiation, and an increase in capacity for biosynthesis is associated 
with this differentiation as before. 


ENHANCEMENT OF YIELD 

Where cultures show a limited synthesis of the secondary product, it 
should be possible to select for a higher yield by making use of natural 
genetic variations that exist in tissue cultures. There are a number of 
approaches to select for high yields. Some of these methods have been 
successful, particularly with the pharmaceuticals. 

(1) One of the most sensitive methods to detect presence of chemi¬ 
cals is radio immune assay (RIA). This technique is described in detail 
by Weiler (1977). Itiis method is ideal, since there is a great deal of 
literature on the use of the technique in medicine and pharmacology. 
Also, the technique is rapid, very sensitive, and can be used to test a 
very large number of small samples. It should be possible to develop 
an RIA system for detection of many interesting compounds. 

(2) An alternative to the RIA method is to use more simple, direct, 
semi-quantitative methods of selection. Thus tissue culture clones can 
be assessed on the basis of smell, since the nose is very sensitive 
(Townsley, 1974). If yield is related to color, such as in the produc¬ 
tion of food colorings, then selection is straightforward. Similarly 
where synthesis is proportional to greening, intensity of greening can 
be used as a basis of selection. A broad general chromatographic 
location reagent has proved useful in selecting for alkaloids in crude 
cell extracts, and direct squashes on the chromatogram. It may be 
possible to develop a similar technique for detecting terpenes in a cell 
squash since the presence of these compounds are good indicators of 
the cells' capacity to synthesize related flavor compounds. 

(3) The direct methods of selection are time consuming and laborious, 
involving the analysis of many samples. A possible alternative which 
has not yet been explored is to select for resistance of cells to ana¬ 
logs in the culture medium. Cell clones that are resistant to amino 
acid analogs in the medium may survive by overproduction of the speci¬ 
fic amino acid (Widholm, 1976). The method would be to establish ana¬ 
logs for intermediates in the secondary pathway, then select for cells 
which are resistant to the presence of these analogs in the medium. 
In theory, resistance will be conferred in the cells by an increased 
activity of the secondary pathway and therefore increased levels of 
secondary products. 


PROTOCOL FOR ASSESSMENT OF FLAVOR PRODUCTION IN ONION 

Thin Layer Chromatography and Electrophoresis of Onion Flavor 
Precursor Compounds 

Thin layer chromatography and electrophoresis provide a rapid method 
of separating the amino acids and flavor precursor compounds. The 
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methods described are modifications used by Bieleski and Turner (1966), 

Stahl (1969), and Granroth (1970). 

1. Place 100 mg fwt. of tissue in a prechilled homogenizer containing 
2 cm^ methanol/ehloroform/water (12 + 5 + 3 v/v) (MCW), at -20 
C for 30 min and then homogenize. 

2. Filter the homogenate and then centrifuge at high speed in a 
small bench centrifuge. 

3. Transfer supernatant to another centrifuge tube, homogenize the 
residue in a furthe 2 cm^ of MCW, centrifuge, and add the super¬ 
natant to the first extract. 

4. Add 1 cm^ chloroform and 1.5 cm^ water to the combined ex¬ 
tracts and the extract mixed using a vortex mixer. 

5. Separate the two phases by centrifuging for 15 min at high speed. 
Transfer the upper aqueous layer to a 50 cm^ volume pear-shaped 
flask. 

6. Dry in a vacuum oven at a temperature not exceeding 30 C and 
then store at -20 C. 

7. Dissolve extract in 10% isopropanol to give a concentration of 400 
mg fwt, per cm^. 

8. Homogenize 15 g cellulose powder and 2,5 g silica gel H (Merck) 

with 100 ml distilled water for 30 sec, then allow the mixture to 

stand for 30 sec, mix again for 30 sec, then allow to stand for 60 

sec before spreading on grease-free glass plates (4 mm, 20 x 20 
cm) at a thickness of 300 (im using a motorized TLC coater. 

9. Load the equivalent of 10-20 mg fresh weight of tissue onto a 

plate in a thin band 2.5 cm long and 2.5 cm from the edges of 

the plate using a microcapillary pipette. Place a spot of marker 
amino acid, (2,4-dimetrophenyl)-l-lysine hydrochloride at the origin 
(Fig. 2). 

10. Spray the plate with electrophoresis buffer pH 2 (15.3 ml of 98- 
100% formic acid, 57 cm^ acetic acid in 1 liter distilled water). 
Remove excess buffer from plate by blotting plate with chromato¬ 
graphy paper. Hold plates horizontally to prevent streaming from 
the origin. 

11. Place plate on water-cooled base plate of Shandon electrophoresis 
chamber with the origin at the anode. Fold wicks of buffer- 
soaked Whatman No. 3 chromatography paper over the edges of 
the plate and secure with glass strips and a glass plate. This 
ensures good contact between the wicks and the thin layer (Fig. 
3). 

12. Carry out electrophoresis at 1000 V and 20-40 mA for approxi¬ 
mately 25 min until the yellow metrker spot reaches the 4 cm 
mark. This ensures optimum electrophoretic separation of the 
amino acids on a 20 x 20 cm plate. 

13. Dry the plate in a stream of cool air, parallel with the amino 
acid bands. Reduce the amino acids to spots by a water run 
then dry the plates as before. 

14. Develop the plates twice in the same direction, first with methyl 
ethyl ketone/pyridine/water/acetic acid, (70 + 15 +15 + 2, v/v), 
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Figure 2. Diagram of procedure used in two-dimensional separation of 
amino acids by high volt^e electrophoresis and chromatography. 


Perspex container 



Electrophoresis buffer 

Figure 3, Schematic diagram of electrophoresis apparatus. 
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then with n-propanol/water/n-propyl acetate/aeetic aeid/pyridine 
(120 + 60 + 20 + 4 + 1, v/v). AU solvents to be of An^ar and 
Aristar grade. Saturate chromatography tanks 1 hr before use. 

15. Spray the dried plates with 0.2% ninhydrin in acetone and allow 
the color to develop overnight at room temperature. 

16. Run all plates in duplicate and record the pattern by tracing onto 
paper and by photography. 

17. Run standards of amino acids to produce a map of their distribu¬ 
tion under these conditions. 

Assay for Total Flavor Precursor 

One of the first products of the reaction between the alkyl cysteine 
sulphoxides (the flavor precursors) and the enzyme alliinase is pyruvate. 
Hence a measure of pyruvate can be used to estimate the totd flavor 
precursor level in the tissue. The pyruvate was measured according to 
the method of Schwimmer and Guadagni (1962) in which both the endo¬ 
genous level of pyruvate (Pc) and the level produced by tissue disinte¬ 
gration (PT) are determined. 

1. For a measurement of PT, grind 2.5 g tissue usii^ a pestle and 
mortar with 2.5 ml 0.1 M sodium pyrophosphate buffer, pH 9.0. 
Stand at room temperature for 30 min. 

2. Dilute the homogenate to 25 ml with distilled water and filter 
through Whatman No. 1 filter paper. 

3. Repeat for the measurement of Pc, but prepare the initial homo¬ 
genate in 2 M HCl to prevent enzyme activity. 

4. Add 1 ml 0.0125% 2:4 dimitro-phyl-hydrozine in 2 M HCl to each 
2 ml filtrate. 

5. After incubating for 10 min at 27 C, add 5 ml 0.6 M NaOH, and 
measure the optical density at 420 nm. 

6. Construct a calibration curve using standard solutions of sodium 
pyruvate up to a maximum of 2 per ml. 

7. Express the results as lunol pyruvate per ml or estimate protein in 
filtrate and express results as a specific activity, pmol mg'* pro¬ 
tein min"*. 

8. For the protein estimates, shake a small known volume of filtrate 
with 25 volumes of ice-cold acetone and centrifuge the mixture at 
high speed in a small bench centrifuge. This will precipitate the 
protein. 

9. Discard the acetone and redissolve the protein in a loiown volume 
of 2% sodium carbonate in 0.1 M NaOH. 

10. Estimate the protein content using the Folin Ciocalteau method. 

11. Prepare a calibration curve using bovine serum albumin with a 
concentration range of 10-100 mg/1. Express the results as mg 
protein per ml. 

Extraction and Assay of Alliinase Activity 

1. Homogenize 10 g tissue iming a pestle and mortar with 10 ml 0.2 
M potassium j^osphate buffer pH 6.8 in 0.3 M sucrose for 2 min, 
then filter throt^ five layers of muslin. 
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2. Centrifuge the filtrate for 15 min 3,500 x g in an MSE superspeed 
65 centrifuge and recentrifuge the supernatant for 20 min at 
30,000 X g to produce a clear yellow supernatant. 

3. Precipitate the soluble proteins from this supernatant by the addi¬ 
tion of solid ammonium sulphate to 75% v/v saturation. After stir¬ 
ring for 4 hr at 4 C, centrifuge the mixture for 20 min at 30,000 
X g. Store the resulting pellet at -20 C for assay. 


Assay for Alliinase Activity 

This is modification of the method of Schwimmer and Mabelis (1963) 

where synthetic s-propyl-l-cysteine sulphoxide was used as a substrate. 

1. Assay alliinase activity at two protein concentrations of approxi¬ 
mately 0.1 and 0.05 mg protein per ml reaction mixture. 
Determine the concentrations accurately by the Folin method. 

2. Prepare reaction mixture containing 0.4 ml 50 mM s-propyH-cys- 
teine sulphoxide, 0.1 ml 0.5 mM pyridoxal phosphate, 0.4 ml 0.1 M 
sodium pyrophosphate buffer, pH 9.0 and 0.1 ml sample. 

3. Incubate the mixture in a water bath at 25 C. Remove 0.1 ml 
samples at various times and stop the reaction by the addition of 

^ 1 ml-10% TCA. 

4. Make each sample up to a total volume of 2 ml and estimate the 
pyruvate as before. 

5. Express the results as activity mg/protein. 


PROTOCOL FOR SMALL-SCALE FLAVOR AND CHLOROPHYLL 

EXTRACTION OF CELERY 

Flavor Extraction from Whole Celery or Filtered Cells from Suspension 

Culture 

1. Homogenize 50 g celery (fresh weight) in 50 ml ethyl acetate in a 
rotary blade homogenizer. 

2. Add 75 ml distilled water, mix thoroughly, and decant to a 500 ml 
spherical flask, adding a few antibumping granules. 

3. Distill homogenate in a modified SttOil apparatus (1969) for 12 hr, 
running off the distillate every 2 hr into a foil capped flask. 
(Note; use of parafilm will result in contamination of the extract 
with phthalate plasticisers.) See Fig. 4. 

4. Saturate the aqueous phase of the distillate with sodium chloride 
and partition, reserving the ethyl acetate fraction. 

5. Partition the remaining aqueous phase an additional three times 
with its equal volume of ethyl acetate, shaking the aqueous and 
solvent thoroughly before each separation. 

6. Pool the ethyl acetate fractions, and dry over anhydrous magnesium 
sulphate (0.5-1.0 g MgS 04 per 100 ml ethyl acetate). 

7. Filter, and evaporate under vacuum to 100-200 |iL 



Flavor Production in Culture 743 



Heat 

Figure 4. Modified Stahl's apparatus for the distillation of essential 
oils. 


8 . Analyze 0-10 (il of this extract by gas liquid chromatography (9 ft 
X 4 mm internal diameter glass column, fitted in a Pye 105 gas 
chromatograph; column packing; 10S6 SP2100 on a 60-100 mesh 
chromosorb; carrier gas: nitrogen, flow rate 60 ml/min; temperature 
program; 60-250 C at 6 C/min). 

9. Phthalide levels are calculated from GLC peak areas and expressed 
as equivalents to a pure phthalide standard, ligustilide (3-butylid- 
ene-4,5-dihydrophthalide) kindly provided by Prof. H. Mitsuhashi, 
Faculty of Pharmaceutical Science, Hokkaido University, Sapporo, 
Japan. 


From Suspension Culture Media 

1. 120 ml of media are shaken thoroughly with 50 ml ethyl acetate 

and the procedure as for extraction of celery followed from steps 
3-8. 


Chlorophyll Extraction 

1* Grind 1 g fwt. celery in a mortar and pestle with 3 ml 8055 v/v 
acetone. 



744 Modifications and Applications 

2. Pour homogenate into a 50 ml centrifuge tube and centrifi^e at 
1500 X g for 3-5 min. 

3. Decant the supernatant and repeat steps 1-2 until no further green 
coloring is extracted with the acetone. 

4. Pool the supernatants and note the volume. 

5. Read the absorbance of a portion of the acetone extract at 663 nm 
and 645 nm in a spectrophotometer. 

6 . Calculate the chlorophyll content from Arnon's formula: 

mg cm"^ chlorophyll a = 0,0127D 663- 0.0 0 2 6 9D645 

mg cm'* chlorophyll b = 0,0229Ds45- 0.004 6 8 D 6 S 3 

where D 663 and D645 are the absorbances of the extract at 663 nm 
and 645 nm, respectively. 


FUTURE PROSPECTS 

The situation for large-scale tissue culture of plant cells is looking 
much more hopeful than it was even 8 years ago (Zenk, 1978; Dougall, 
1980). Up till now there has been only limited attention given to the 
essential oils and flavors, although the cost of some of these compounds 
could justify further investigation. It is suggested the following areas 
are important; 

(1) Where essential oil and flavor production is inhibited in tissue 
culture, the rate-limiting step should be established. At the moment it 
may not be possible to activate a specific regulatory stage in biosyn¬ 
thesis, but it is important that this basic research should proceed. 

(2) The minimum cell or organ differentiation at which the secondary 
pathways are initiated must be identified. If maximum yield of oils and 
flavors are obtained from partisQly differentiated cultures such as slow- 
growing cells, then the large-scale culture system must accommodate 
this fact. The new developments in immobilized cells, either in liquid 
medium or attached to a column, have a contribution to make to the 
support and maintenance of slow-growing but biosynthetically active 
units. 

(3) The capacity of undifferentiated cells to transform simple, cheap 
precursors to the final product has been largely unsuccessful. The 
capacity for biotransformation of the more biosynthetically active and 
partially differentiated cells must be investigated, as in Mentha cultures 
(Aviv et al., 1981). 

(4) The development of rapid, sensitive, direct, and indirect selection 
techniques for isolating high-yielding clones must be expanded. 

(5) The mechanism of control of differentiation of cultures in liquid 
suspension must be established. It may be possible to consider growing 
cultures on a larp scale to accumulate biomass, then alter the medium 
or cultural conditions so as to switch the cells to a differentiation 
phase to initiate secondary product formation. 
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CHAPTER 25 

Genetic Variability 
in Regenerated Plants 

B. Reisch 


Plants regenerated from undifferentiated tissue cultures have become 
a new and useful source of genetic variation. Variation generated by 
the use of a tissue culture cycle has been termed somaclonal variation 
by Larkin and Scowcroft (1981). They defined a tissue culture cycle as 
a process that involves the establishment of a "dedifferentiated cell or 
tissue culture under defined conditions, proliferation for a number of 
cell generations, and the subsequent regeneration of plants." Even 
though this interest in somaclonal variability is rather recent, this phe¬ 
nomenon was reported more than a decade ago among callus culture 
regenerates (Morel, 1971; Sacristan and Melchers, 1969) and even among 
the first plants reportedly regenerated directly from isolated proto¬ 
plasts. 

Plants regenerated from shoot apex cultures may oecassionaUy include 
variants (Bush et al., 1976; Denton et al., 1977); however, most reports 
describing plants from such cultures contend that genetic stability is 
preserved (D'Amato, 1975; Morel, 1975; Murashige, 1974). The shoot 
apex provides a structure in which (1) cell division and DNA replica¬ 
tion are strictly controlled, and (2) those eeUs with impaired reproduc¬ 
tive ability (i.e., those with genetic defects) are eliminated because of 
competition (D'Amato, 1977). 

Cultured cells, on the other hand, are not usually genetically stable. 
Polyploidy, aneutiloidy, and chromosome structure changes in cells in 
culture under various conditions have been extensively described (see 
reviews such as Bayliss, 1980;.D'AmatOj 1977; Larkin and Scowcroft, 
1981; Skirvin, 1978; Sunderland, i977). Variation in genetic composi¬ 
tion is also known in whole plant tissues (Murashige and Nakano, 1966; 
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Neilson-Jones, 1969). Thus it is not surprising that many of the plants 
regenerated from undifferentiated cultures (callus, cell suspension, and 
protoplast cultures) are altered. For the purposes of germplasm preser¬ 
vation and plant micropropagation the inherent stability of shoot apex 
cultures is required. But the diverse variation characteristic of the 
plants obtained from undifferentiated cell cultures might be of great 
use to plant breeders, and it is this type of variation that will be dis¬ 
cussed herein. 

This chapter is not intended to be a review of every report of soma- 
clonal variation. Rather, it will focus upon representative examples of 
variation among plants derived from tissue cultures originating from 
sporophytie tissue in which no effort was made to induce variation via 
mutagenesis. Since technical details vary considerably from ease to 
case, no effort will be made to elaborate upon specific techniques. In¬ 
stead, this chapter will be organized around a discussion of major tech¬ 
niques used to produce variation. Readers are referred to the original 
sources for technical details. The scope of this chapter will be limited 
to the variation obtained frorr' cultures derived from sporophytie tis¬ 
sues. Variation obtained from gametophytic cultures will not be dis¬ 
cussed, since culture-produced variation is probably confounded with 
residud heterozygosity in autogamous species (Collins and Legg, 1980). 
This topic is fuily discussed elsewhere (Larkin and Scoweroft, 1981). A 
critical review of recent progress in this area and an analysis of major 
techniques used to enhance som.aclonal variation will be followed by a 
discussion of the value of somaclonal variation in a plant breeding pro¬ 
gram. 


CRITICAL REVIEW 
Major Techniques 

Plant variation generated by use of a tissue culture cycle may be 
encouraged by seven different techniques. The seven specific manipula¬ 
tions, employed to generate somaclonal variation are as follows; (a) a 
long-term culture cycle, (b) a protoplast culture cycle, (c) a callus 
culture cycle, (d) the use of explants from specified tissues, (e) the 
generation of random variation concomitant with the selection of a 
specific nutrient medium or hormone formulation, (g) the use of certain 
genotypes that tend to produce increased amounts of variation. 

Explants used in this process may come from virtually any tissue, 
including leaves, internodes, ovaries, roots, and inflorescences. But 
because these classifications are broad in scope, they are not mutually 
exclusive. For example, the use of a long-term tissue culture or a 
specific explant source must be done in conjunction with either proto¬ 
plast or callus culture. 

A summary of variation obtained in 23 plant genera and the tech¬ 
niques used to obtain this variation are presented in Table 1. In most 
eases only those plants derived directly from tissue culture and their 
vegetative propagules have been examined, but in at least 10 reports 
the sexual transmittance of such traits has been verified (Table 1), In 
all of these cases the variation was stably transmitted to the progeny. 
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LONG-TERM CULTURE CYCLE. The regeneration of plants from 
long-term cultures is becoming possible with an increasing number of 
species (e.g., Medtcago sativa L., Stavarek et al., 1980) but has been 
generally difficult in the past. Relatively few reports have presented 
information concerning the morphology and genetic stability of plants 
regenerated from long-term cultures. Changes in karyotypic structure 
are known to occur with increasing time in culture {Bayliss, 1980); 
hence it follows that the frequency of plant abnormalities would likely 
increase with increasing time in culture. But regenerated plants do 
not usually reflect the full range of abnormalities reported in cultured 
cells, indicating that some selection prior to regeneration usually takes 
place (Edallo et al., 1981; Sacristan and Melchers, 1969). 

Flower and leaf abnormalities among tobacco (Nicotiana tabacum L.) 
plants regenerated from callus subcultured for prolonged periods were 
common but were not found among plants regenerated from short-term 
cultures or grown from seed under the same cultural conditions (Syono 
and Furuya, 1972). However, it was noted that abnormal type callus 
may have been inadvertently and selectively maintained in the long¬ 
term culture. 

In the chimeral plant Chrysanthemum morifolium Ramat. a few abnor¬ 
malities were observed among plants regenerated from short-term shoot 
tip cultures (Bush et al., 1976), But plants regenerated from another 
eultivar maintained as leafy callus for 9 years were highly variable: 
plants were stunted, leaf shapes were altered, flowers were smaller and 
irregularly shaped, and later^ shoot growth was excessive as compared 
to plants regenerated from leafy callus maintained in culture for 1 
month (Sutter and Langhans, 1981). Though chimeral rearrangements 
are a possibility, residual hormone effects and genetic instability cannot 
be excluded as explanations. 

McCoy (1980) determined that the frequency of cytogenetically abnor¬ 
mal plants increased with culture age for the oat cultivars Lodi and 
Tippecanoe. Abnormal plants from young cultures usuaUy possessed a 
single alteration; abnormal plants from cultures up to 20 months old 
frequently had more than one chromosome alteration. By contrast, 
long-term cultures of corn were stable, 94% of the plants analyzed 
after 8 months were normal. 


PROTOPLAST CULTURE CYCLE. The first plants regenerated from 
protoplast cultures were altered in morphology, chromosome number, 
and fertility (Takebe et al., 1971). In other reports of regeneration 
from protoplasts, however, phenotypic stability is often observed. 
Plants obtained from protoplasts of four Nicotiana L, species were un¬ 
altered (Evans, 1979). Vegetative and floral morphology and chromo¬ 
some number of sill regenerated plants were normal. However, these 
observations were based on a total of only 20 plants, 

Wenzel et al. (1979) also observed remarkable uniformity among pota¬ 
to plants derived from protoplast cultures. Some plants varied in tuber 
shape, but only after extended culture periods. The slight amounts of 
observed variation could be ascribed to culture-induced aneuploidy. 
Such results are difficult to reconcile with those of Shepard et al. 
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(1980) who, using the cultivar Russet Burbank, screened 10,000 clones 
derived from protoplasts and found great amounts of horticulturally sig¬ 
nificant variation. Variation in tuber shape, yield, plant morphology, 
and resistance to early and late blight was identified in some of these 
clones. The genetic basis of variation was not determined. Of these 
clones, 65 were analyzed in detail for 35 characteristics, including leaf, 
tuber, flower, and whole plant traits (Secor and Shepard, 1981). The 
65 clones in this study were selected from an original population of 
1700. Grossly aberrant types were eliminated; the selected clones 
were relatively normal in appearance and possessed acceptable vigor, 
vine type, and tuber conformation. Each clone differed from the parent 
Russet Burbank in at least one trait, with three clones varying in only 
one trait and one clone in 17 traits. Further testing of potato clones 
derived from protoplasts would be necessary to determine variant trait 
stability and the effect of the environment on such variability. An 
excellent, detailed account of the Russet Burbank protoplast culture 
technique can be found in the article by Shepard (1980). 

Several possible explanations could be offered to reconcile the dis¬ 
crepancies between the works of Shepard and Wenzel. Wenzel et al. 
(1979) worked with potato lines that were completely unrelated to Rus¬ 
set Burbank. That different genotypes produce different amounts and 
types of variation from culture has already been verified (see below). 
In addition, Wenzel screened relatively few (211) clones, while Shepard 
screened over 10,000 clones. Other differences between their tech¬ 
niques include (1) source of protoplasts (Shepard—leaf mesophyll; Wen¬ 
zel—stem tip culture) and (2) ploidy level (Shepard—4x; Wenzel—2x). 
Interestingly, Thomas (1981) reported that among plants regenerated 
from stem tip culture-derived protoplasts of the tetraploid British pota¬ 
to cultivar Maris Bard, large amounts of variation were observed. 
Changes in growth habit, leaf morphology, color, degree of gloss, and 
hairiness were noted. Only 2 of 25 groups of plants derived from dif¬ 
ferent protoplasts resembled the parental cultivar Maris Bard. So it 
appears that variation can be detected among plants from either shoot 
tip culture protoplasts or leaf mesophyll protoplasts, but somaelonal 
variation among dihaploid potato clones has not yet been observed. 


CALLUS CULTURE CYCLE. The most widely employed technique 
for creating genetic variation via tissue culture has been the use of a 
callus culture cycle. That plants regenerated from, callus cultures can 
be highly variable has been well documented by Barbier and Dulieu 
(1980), Sibi (1976), Edallo et al. (1981), Oono (1978), and others (Table 
1). Sibi (1976) found that lettuce plants regenerated from callus cul¬ 
tures displayed altered morphology, and their selfed progeny showed 
altered leaf characteristics, axillary bud development, and leaf color. 
Certain leaf traits were clearly the result of an altered cytoplasm, 
since inheritance was maternal. A diallel cross between three of the 
variants and the control plant indicated that outcrosses showed more 
vigor than selfed progeny, even though the starting material was homo¬ 
zygous. Other changes that never segregated in three generations oi 
selling were also assumed to be maternal. But the possibility of chro- 
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mosome substitution, which would also cause such true breeding mut¬ 
ants, cannot be excluded (Peloquin, 1981). 

By contrast, Edallo et al. (1981) regenerated plants from corn tissue 
cultures derived from immature embryos of two inbred lines and found 
changes only in nuclear DNA. Most variants were due to visible gene 
mutations, as demonstrated by inheritance studies. As earlier reported 
by McCoy (1980), corn appears to be cytogenetically stable; Edallo et 
al. (1981) found that only 2 of 110 regenerated plants differed from di- 
ploidy, but intrachromosomal changes were not examined. On the aver¬ 
age, there appeared to be approximately one single gene mutation per 
plant. 

Barbier and Dulieu (1980) used nuclear genes to trace the pattern of 
plant variation that arose from tobacco plants regenerated directly 
from (1) cotyledons, (2) cotyledon-derived protoplasts, and (3) callus 
cultures induced to form plants at varying time intervals. Deletions 
and reversions could account for the high frequencies of leaf color 
variants observed. The authors conclude, by comparison of the varia¬ 
tion obtained from the three different tissue culture treatments that 
"regeneration allows expression of potential variability accumulated in 
cotyledon resting cells after the last cell cycle; variability also accu¬ 
mulates in cultured cells," (For a detailed review of this work, see 
Larkin and Scowcroft, 1981). 

Among 800 somaclones derived from rice (Oryza saliva L.) callus only 
28.1% were considered to have normal inheritance patterns for all char¬ 
acters observed (Oono, 1978, 1981), Altered traits were analyzed 
through two generations of selfing. Plants were altered in chlorophyll 
content, flowering date, plant height, fertility, and morphology. Varia¬ 
tion was believed to be due to mutations occurring in cultured cells. 
Hence there is a belief that plants from callus can be variable because 
of either preexisting whole plant variation or variation that accumu¬ 
lates during the growth of undifferentiated cells, 

CULTURE OF A SPECIFIC PLANT TISSUE. Under identical condi¬ 
tions the explant used can greatly affect the quantity and type of vari¬ 
ation produced. Pineapple (Ananas cosmosus (L.) Merr.) plants which 
were regenerated from callus of four types of explants (syncarp, slip, 
crown, and axillary buds) were altered according to the explant source 
(Wakasa, 1979). Only spine characters were altered in plants from the 
slip, crown, and axillary buds, but variants from syncarp were altered 
in leaf color, spine, wax, and folit^e density. By choice of the proper 
organs, it was concluded that tissue culture could be useful for rapid 
propagation of nonvariant plantlets or for the induction of useful vari¬ 
ants. The work of Van Harten et al. (1981) showed that careful ex¬ 
plant choices could be used to facilitate the increased production of 
somaclonal variants. Phenotype alterations were found in 12.3% of 
plants from leaflet discs, while 50.3% of plants from raehis- and peti¬ 
ole-derived callus were altered. 

VARIATION CONCOMITANT WITH BIOCHEMICAL CELLULAR SEL¬ 
ECTION. Somatic eeU selection schemes have been discussed at length 
as a method of selectii^ variants of value at the cellular level (Maliga, 
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1978, 1980). Such a system has been proposed to take advantage of 
mierobial-type cellular manipulations, since large numbers of plant cells 
can be grown quite easily in a defined medium. Initial reports were 
limited by the inability of selected cells to regenerate into plants. 
More recently, plants have been regenerated and examined, and their 
progeny have also been cheeked for the inheritance of the selected 
trait (e.g., Berlyn, 1880; Bourgin, 1978; Chaleff and Parsons, 1978; Cha- 
leff, 1980). Several plants from variant cultures were reportedly al¬ 
tered for traits other than those being sought (e.g., Chaleff and Keil, 
1981; Maliga et al., 1979), suggesting either pleiotropie effects from 
simple alterations or multiple alterations within the selected variant 
cells. 

This type of somaclonal variation is perhaps different in that cultures 
are usually mutagenized prior to the application of cellular selection 
systems. It cannot usually be determined whether variation is induced 
by mutagenesis in tissue cultures or randomly via processes more in 
line with other reports on somaclonal variation. Berlyn (1980) selected 
variant lines resistant to isonicotinic acid hydrazide (INH) in irradiated 
eeU cultures of haploid Nicotiana tabacum. Plants regenerated from 
these cultures were altered in vigor, root development, leaf shape, and 
growth habit. The slow growth trait associated with INH resistance 
could be separated by backcrossing hybrids to the parental stock, indi¬ 
cating that these traits were genetically independent. 

Plants that were regenerated from diploid alfalfa (Medicago sativa L.) 
cultures selected for growth on ethionine-containing medium were al¬ 
tered when compared directly to the original plant (Reiseh and Bing¬ 
ham, 1981). Plants from 23 of 91 cell lines were altered in chromo¬ 
some number, leaf shape, petiolule length, herbage yield, plant height, 
shoot length, and ease of rooting. Alterations in some of these char¬ 
acteristics could be of importance in alfalfa breeding. Hence it was 
suggested that agronomically desirable clones might be improved via a 
tissue culture cycle. 

Most of the variants examined in this study were not resistant to 
ethionine toxicity, despite selection for growth in its presence. This 
suggests that both resistant and nonresistant cells were carried in 
many cell lines. It also indicates that the wide variation observed is 
completely independent of ethionine resistance. Also, one tetraploid 
plant in this study, NSl, was regenerated from unmutagenized cells 
plated in noninhibitory medium. This plant yielded significantly more 
dry matter of herbage than the control tetraploid line and showed dif¬ 
ferences for other traits as weU. A low frequency of variants is usual¬ 
ly observed among plants regenerated from callus cultures of alfalfa 
(E.T. Bingham, personal communication). So it appears that distinct 
variants can arise from alfalfa tissue cultures, but at a much higher 
frequency when associated with selection for growth on ethionine. 

The idea that plants regenerated in these experiments were altered 
because of exposure to ethionine or both EMS and ethionine was sug¬ 
gested by Reiseh and Bingham (1981). Few plants (3 out of 61) regen¬ 
erated from a control that was EMS-mutagenized but not plated in 
ethionine were altered. Ethionine may indeed be mutagenic to euk^- 
otic cells and enhance the mutation frequency when used in combina- 
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tion with known mutagens (Talmud and Lewis, 1974; Lewis and Tarrant, 
1971; Davies and Parry, 1978). Ethionine treatments of soybean seed 
and corn caryopses indicated that, even alone, ethionine can be muta¬ 
genic (Fujii, 1981). Further tests are warranted to determine whether 
useful variation can be consistently induced via ethionine treatments of 
cultured cells with or without mutagenic treatments. 


GROWTH MEDIUM AND HORMONE EFFECTS. The effects of media 
and hormones, particularly 2,4-D, on cell cultures are well described by 
Bayliss (1980). But few reports detailing the effects of culture medium 
components on regenerated plants can be found. Plants were regener¬ 
ated from tissue cultures of barley exposed to 4.5-18.0 pM 2,4-D for 4- 
56 days (Deambrogio and Dale, 1980). Genetic variation was detected 
by examining the progeny of regenerated plants. Variation occurred 
only at 18.0 ^M 2,4-D for such traits as albinism, leaf shape, and tiller 
fertility. 

In an extensive characterization of plants from Haworthia callus cul¬ 
tures, cytogenetic changes were examined in detail (Ogihara, 1981). 
Two media that differed only in hormone content were used to regener¬ 
ate plants; the NK medium (26.8 ^iM NAA and 0.46 (iM KIN) and the I 
medium (0.57 ^M lAA). The NK medium tended to regenerate more 
tetraploids and fewer plants carrying translocations than the I medium. 


GENOTYPE RESPONSE. Under carefully controUed procedures for 
culture manipulation and regeneration, variability among regenerated 
plants can be genotype-dependent. Liu and Chen (1976) tested 8 
sugarcane cultivars and found that among a total of 4600 plants exam¬ 
ined, many of the plants differed from, their donors; for clone F146 the 
frequency of morphological changes was 1.8%, while for F156 the fre¬ 
quency was 34.0%. 

Skirvin and Janick (1976a) detailed the changes among plants regen¬ 
erated from callus cultures of Pelargonium sp. cultivars. The type of 
variation observed was dependent upon the original eultivar used. 
They proposed that such variability might be useful for intraclonal 
plant improvement especially with polyploid, asexuaUy propagated 
clones. 


The Role of Somaelonal Manipulations in Plant Breeding 

Plant breeders have long recognized the value of selectively improv¬ 
ing a popular eultivar rather than creating a new one. Growers are 
more willing to plant older cultivars because of proven value and famil¬ 
iar growth characteristics under local conditions. New cultivars are 
unproven, and their consumer and marketing acceptance is unknown, 
though the possibRity of improved performance is attractive. There are 
basically five techniques which can be used to enhance the quality of 
popular cultivars while maintaining their basic identity; (1) backeross 
breeding (Allard, 1960), (2) clonal selection or sport selection (Van 
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Oosten and Van der Borg, 1977), (3) mutation breeding (IAEA, 1977), 
(4) production of variants from tissue cultures (Larkin and Scoweroft, 
1981; Maliga, 1978, 1980), and (5) single gene transformation (Kado and 
Kleinhofs, 1980). 

Improvement of homozygous, autogamous crops might be accomplished 
by any of the above methods. However, where simply inherited traits 
are desired in an acceptable cultivar deficient in only one or two 
traits, backeross breeding is usally the method of choice. In heterozy¬ 
gous, vegetatively propagated crops, backeross breeding fails to recre¬ 
ate the elite combinations of genes and also fails to maintain the het¬ 
erozygous nature of the recurrent parent if a single clone is to be 
improved. To selectively improve such crops, other methods must be 
used. 

Such other methods are often limited in their application. Single 
gene transformation in higher plants has not yet been sufficiently dev¬ 
eloped to be a useful tool. The selection of occasional sports requires 
large-scale plantings, keen observation, and the chance occurrence of a 
rare event. Pest-resistant sports cannot be spotted in pesticide- 
sprayed plantings. Mutation breeding is an alternative in such cases, 
along with the newer techniques of somaclonal manipulations. Mutation 
breeding techniques are compared with somaclonal manipulation and 
backeross breeding methods in Table 2. 


Somaclonal Variation as a Form of Mutation Breeding 

Mutation breeding and plant improvement via somaclonal variation 
n.ay actually be equivalent techniques. Somaclonal variation may be 
exploiting genetic changes that preexist in the whole plant or changes 
that occur in cultured ceUs (Barbier and Dulieu, 1980). Where changes 
occur during a tissue culture cycle, somaclonal variations can be con¬ 
sidered a logical and useful extension of the mutation breeding process 
which broadly encompasses any process by which genetic variability is 
induced. 

Research on mutation breeding in potato {Solanum tuberosum L.) led 
to the suggestion that in vitro techniques might replace mutagenic 
treatments as a method for inducii^ variation. An in vitro adventi¬ 
tious bud technique for mutation breeding of potato was examined for 
efficiency of mutation induction and chimerism (Van Harten et al., 
1981). Chimerism can be a formidable problem when vegetative tissues 
are mutated. Plants derived from adventitious buds are not usually 
chimeric, but plants obtained in this study following X-irradiation from 
in vitro-produced adventitious buds exhibited a very high mutation fre¬ 
quency, a wide mutation spectrum, and a very low rate of chimerism. 
Unexpectedly, nonirradiated controls derived from rachis and petiole 
explants (but not from leaf explants) had a mutation frequency of 50.3% 
which was almost as high as the irradiated series. In previous experi¬ 
ments with the same cultivar, the induced mutation frequency was only 
as high as 24-38% (Van Harten and Bouter, 1973). Therefore, it v^as 
suggested that "one could even think of mutation breeding of potato 
without irradiation, thus avoiding the undesired side-effects of the 
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mutagenic treatment" (Van Hapten et al., 1981). Apparently, these re¬ 
searchers were unaware of the literature describing wide variation 
among plants regenerated from potato protoplasts and suspension cul¬ 
tures (Shepard et al., 1980; Thomas, 1981; Behnke, 1980) and arrived 
independently at the idea of utilizing the variation occurring among 
plants regenerated from tissue culture for the purpose of crop improve¬ 
ment. 

Current Applications 

As a result of research on somaclonal variants a number of valuable 
breeding lines have been developed. High-yielding and smut-resistant 
lines of sugarcane developed from callus cultures are ciurrently under 
test in Taiwan (Liu, 1981). Work on other somaclonal variants of 
sugarcane has led to the development of a potentially important clone, 
identical to its parent in most respects, but with the addition of being 
resistant to downy mildew and Fiji disease, a virus of widespread im¬ 
portance (Heinz et al., 1977). While several Fiji virtjs-resistant clones 
were developed and determined to be free from obvious deleterious 
abnormalities, in replicated trials only one was as good as Pindar, the 
original clone, in other respects such as cane yield and percentage of 
sucrose. Replicated trials are a necessity to verify the qualities of 
advanced selections. As with any other breeding technique where new 
characteristics are incorporated into popiilar cultivars, extensive testing 
is still necessary to determine a genotype's response over time and 
space. Techniques for producing somaclonal variation may only be ad¬ 
vantageous in producing novel variation within a specified genetic 
background, but then the traditional breeder's approach to assessing the 
relative performance of cultivars and selections must be used for a 
final determination. 

Skirvin and Janiek (1976b), following extensive investigations of soma¬ 
clonal variation among Pelargonium sp., developed an improved scented 
geranium that they named Velvet Rose. This is believed to be the 
first named cultivar developed by any type of tissue culture technique. 

That somaclonal variation might be useful in enhancing the exchange 
of genetic material required in wide sexual hybrids for the introgression 
of desirable alien genes was discussed by Larkin and Scowcroft (1981). 
Plants from hybrid Lolium and Hordeum embryo cultures were highly 
variable and were agronomically more valuable than those sexual hy¬ 
brids that had not been through a tissue culture cycle (Ahloowalia, 
1978; Orton, 1980). Frequently, attempts to introgress alien genes into 
crop plants are frustrated by a lack of exchange between crop and 
alien genomes in the hybrids. Results with hybrid embryo cultures si^ 
gest that genetic factors that limit the exchange in germ line cells 
appear to break down in cell culture; thus a callus phase of the hybrid 
embryo may overcome barriers to genetic exchai^e. 

POTENTIAL AND FUTURE PROSPECTS 

Genetic variation via somaclonal techniques should become more 
widely available for cultivar improvement in the near future. Already, 
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one eultivar has been developed (Skirvin and Janick, 1976b) and many 
species have been identified in which somaclonal variants have been 
observed. Until improvements in this technique are made, it is at best 
only creating random genetic variation that differs widely between 
genotypes and species. Directed selection systems (Maliga, 1978, 1980; 
Thomas et al., 1979) would seem preferable but are limited in applica¬ 
tion, since they depend on the correlation between a cellular selection 
system and the expression of a whole plant trait often within a specific 
tissue. Without a doubt, the development of novel selection techniques 
that would facilitate rapid cellular selection for a wide variety of 
traits would seem to be of paramount importance. The potential appli¬ 
cations for both directed cellular selection systems and somaclonal 
manipulations can only be realized when regeneration from cells can be 
easily accomplished in a wide range of genotypes and species. 

More knowledge will be required to be able to increase variation or 
direct variation toward a desired goal. Research in medium, hormone, 
and physical environment effects might prove to be useful in defining 
optimum conditions for enhancing somaclonal variation. Possibly, cer¬ 
tain classes of genetic changes might be more frequent than others fol¬ 
lowing subtle alterations in the culture medium (Ogihara, 1981) or 
other variables. Perhaps, as seen with work on protoplast culture 
(Shepard, 1980), the successful production of variation might be depend¬ 
ent upon the environment of the plant used to initiate tissue cultures. 
Further work in this area is sorely needed. Such information will be 
necessary if somaclonal manipulations are to make a lasting contribu¬ 
tion to crop improvement. 

It will be more difficult, but of great importance, to determine the 
genetic basis for variation among somaclones. Peloquin (1981) suggests 
that chromosome substitutions may be responsible for the changes ob¬ 
served in plants regenerated from tissue cidtures. Cytogenetic changes 
have been observed in plants regenerated from tissue cultures (McCoy 
and Phillips, 1982; Ogihara, 1981) and are no doubt responsible for 
some of the observed changes. Other reports verify that single gene 
changes occur (Edallo et al., 1981; Barbier and Dulieu, 1980) while still 
others implicate cytoplasmic alterations (Sibi, 1976; Brettell et al., 
1980). Virtually any type of genetic variation might contribute to the 
basis for somaclonal variation and should be considered in any research 
examining such variation. Larkin and Scowcroft (1981) divided the pos¬ 
sible origins of variation into seven categories: (1) karyotypic changes, 
(2) cryptic chromosome rearrangements, (3) transposable elements, (4) 
somatic gene rearrangements, (5) gene amplification and depletion, (6) 
somatic crossing over and sister chromatid exchange, and (7) cryptic 
virus elimination. In addition to these possibilities, where sexual 
transmittance of somaclonal variation has not been identified, the possi¬ 
bility of epigenetic changes cannot be excluded (Meins and Binns, 
1977), Reports concerning the basis for somaclonal variation are sum¬ 
marized in Table 3. 

It win be important to determine the types of plants that wiU most 
readily produce variants following a tissue culture cycle. It appears 
that both diploids and polyploids can be altered easily (Table 1). Vari¬ 
ation occurs at a higher frequency among somatically unstable geno- 
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Table 3. Possible Sources of Variation among Plants Regenerated from 
Tissue Cultures 


SOURCE OF VARIATION 

REFERENECE 

Genetic 


Point mutation 

Edallo et al., 1981; Oono, 1978 

Cytoplasmic 

Transposable element^ 

Brettell et al., 1980; Sibi, 1976 

Gene amplification* 

Somatic crossing over* 


Cytogenetic 


Aneuploidy 

McCoy, 1980; Sacristan & Melchers, 1969 

Polyploidy 

Murashige & Nakano, 1966; Janick et al., 


1977 

Translocation 

Deletion 

McCoy, 1980; Orton, 1980 

Bar bier & Dulieu, 1980 

Inversion 

Duplication* 

Chromosome substitution* 

McCoy, 1980 

Nongenetic 


Virus elimination* 
Epigenetic change 

Ibrahim, 1969 


*No conclusive documentation among reports of somaclonal variants. 


types than among stable genotypes (Heinz and Mee, 1971). It will also 
be of considerable interest to determine whether old asexually propa¬ 
gated cultivars in which cellular variation presumably accumulates will 
produce a greater frequency of variation than recently bred cultivars. 

It should be noted that while enthusiasm is justified, the production 
of somaclonal variants should be considered merely a useful adjunct to 
a sexual breeding program. More immediate use will likely be found 
with asexually propagated crops where the variation obtained can be 
used directly. In programs where the desired variation does not exmt 
or exists only in relatively undomesticated germplasm, somaclonal varia¬ 
tion should be of value. With the current state of the art, somaclonal 
variants are still just a shot in the dark until general methods can be 
developed to enhance selectively the frequency of a desired form of 
plant variation. The genetic variation obtained will be of no use un¬ 
less handled skillfully in accordance with standard plant breeding prac¬ 
tices for either asexually propagated or seed-propagated crops. 
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CHAPTER 26 

Herbicide Tolerance 
in Regenerated Plants 

O.J. Crocomo and N. Ochoa-Alejo 


Classical plant breeding programs require a large amount of space 
and are time consuming, because of the long biological cycles of most 
plant species (Devine et al., 1975). Moreover, the conditions necessary 
for selection pressure in the field are often not easy to establish and 
maintain for a long period of time (Gressel and Segel, 1978). The 
recent advances in the isolation and culture of cell, tissue, and proto¬ 
plasts allow for rapid selection of natural mutants that exist in a cer¬ 
tain ceU population or alternatively to increase the frequency and 
select mutations through the use of mut^ens. This new technology, 
indeed, permits the manipulation of very large cell populations in small 
spaces and in a shorter period of time. 

The cells can be cultivated in chemically defined media and the mut¬ 
ants selected using physical or chemical factors. Toxic substances 
added to the medium have been used to select resistant ceU lines (Wid- 
holm, 1974; Meredith, 1978; BretteU and Ingram, 1979; Behnke, 1979). 

Some of the problems and advantages of the use of ceU and tissue 
cultiire as systems to isolate tolerant lines to specific compounds have 
already been discussed in general by Maliga (1978), and in the case of 
herbicide tolerance by Gressel (1980). In gener^, a ceU population 
with rapid growth and high plating efficiency at low ceU densities is 
necessary to select ceU lines showing specific characteristics. Ideally, 
cells under selection pressure should show similar responses as those of 
the intact plant in the presence of the toxic compounds and should be 
able to regenerate intact plants. FinaUy, the genetic information sel¬ 
ected at the ceUular level should be stable in the ceU lines, in the 
regenerated plants, and be transmissible to the progeny. 
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Suspension culture is the most frequently used system for selection of 
resistant cell lines. The conditions for selection are established 
through tests with different concentrations of the compound, focusing 
the ^ects on growth and survival of the cells. Cells or cell colonies 
are selected that are capable of growing and dividing when exposed to 
toxic concentrations of the compound. Alternatively, the cells can be 
inoculated directly into a liquid or solid medium that completely inhi¬ 
bits the growth of the major part of the eeU population. Selection of 
cell lines can also be made by imbedding cells or protoplasts in a 
semisolid medium containing the toxic substance (Maliga, 1978). 

Callus cultures have been utilized to select ceU lines resistant to 
several chemical compounds (Widholm, 1977). In this ease the resistant 
cells can be located in some points or even regions of the callus main¬ 
tained in the selective medium. The cells are then subcultured for 
subsequent characterization. 

Frequently the terms resistant and tolerant are used interchangeably 
when describing the response of plants to a toxic compound. However, 
as was stressed by Gressel and Segel (1978), these terms can be differ¬ 
entiated by response to effective doses. Populations of resistant plants 
completely survive an effective dose while the susceptible type does 
not. Tolerant plants express variations between biotypes as the dose 
is varied. 


LITERATURE REVIEW 

In recent years ceU and tissue cultures have been utilized as sys¬ 
tems to test phytotoxicity and to study the metabolism of herbicides 
(Hardlie et al., 1977; ZUkah and Gressel, 1977; Oswald et al., 1978; 
Smith, 1979). Some progress has been made toward establishment of 
cell lines and eultivars that are tolerant to herbicides. Tlie method¬ 
ology used and the problems faced by the researchers during the pro¬ 
cedures of selection have already been reported (Chapter 11). For 
instance, Zenk (1974) reported a eeU suspension tolerant to 2,4-D when 
the cells were subcultured for a period of 6 months in liquid medium in 
the presence of increasing amounts of the herbicide. These cells were 
able to grow in 1 mM 2,4-D, while the nontreated suspension was 
completely inhibited at 0.3 mM 2,4-D. The proposed mechanism of 
tolerance involves an enhancement in the metabolism of 2,4-D. Under 
the same conditions as this previous work, Widholm (1977) observed 
that carrot cells lost the tolerance to the herbicide when transferred 
to a 2,4-D-free medium, suggesting that tolerance was the result of 
induction of the enzymatic systems responsible for the degradation of 
2,4-D. 

Oswald et al. (1976) reported that soybean eeU suspension cultures 
derived from cultures that are susceptible or tolerant to metribuzin 
continued to show these characteristics when cultured in presence of 
the herbicide. 

Gressel (1979) selected carrot cells resistant to 2,4-D by treating 
ceU suspensions with 4.5 of the herbicide for 3 hr followed by 
inoculation in 2,4-D-free medium. The cell colonies were subeultured 
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in liquid medium in the presence of 2,4-D. The treated cells were 
more viable in the presence of the herbicide than the wild type cells. 
One year later, two cell lines isolated from 2,4-D medium still ex¬ 
pressed resistance to the herbicide suggesting that genetic stability had 
been obtained. 

Oswald et al. (1977) observed the development of tolerance in cell 
suspensions of Tr^oltum repens to 2,4-D, 2,4,5-T (trichlorophenoxyacetic 
acid), and 2,4-DB (4-(2,4-dichlorophenoxy) butyric acid). The pretreat¬ 
ment of the cells with 2,4-D (18.0 |iM), or 2,4,5-T (31.3 (iM) or 2,4-DB 
(8.0 (iM) for 5 days increased the tolerance to 2,4-D 3.4 times, to 
2,4,5-T 4.2 times, and to 2,4-DB 3 times. According to the authors, 
the adaptability to toxic levels of each herbicide was followed by heri- 
tability of the tolerance. 

EUis (1978) established tomato cell suspension cultures from 4 culti- 
vars showing different degrees of tolerance to metribuzin. Cell growth 
was not affected by levels of the herbicides that were lethal to seed¬ 
lings, but was inhibited at 150 ppm. The cells in suspension did not 
show differences when derived from sensitive or tolerant cultivars. No 
positive correlation was observed between this system and the response 
of intact plants to the herbicide. This was probably because metribuz¬ 
in inhibits photosynthesis, a process that was not active in the cell 
suspensions. Results to the contrary were described previously by 
Oswald et al. (1976), indicating variability dependent on the cell sys¬ 
tem utilized. 

Chaleff and Parsons (1978) reported the most complete work on herb¬ 
icide selection published to date. Seven cell lines of Nicotiana taba- 
cum resistant to picloram were isolated from ceU suspensions inoculated 
in medium containing 500 nM of the herbicide. One or two months 
later resistant callus was obtained, transferred to a selective medium, 
and subsequently to plantlet induction medium. Out of the seven sel¬ 
ected lines, six lines regenerated plants. Later explants from those 
regenerated plants were inoculated to obtain callus that was grown in 
the presence of 500 jiM picloram. The derived callus of five lines still 
showed resistance. Callus from one line exhibited sensitivity, although 
it was obtained from plants derived from a cell line resistant to the 
herbicide. This observation shows that stability of one phenotype 
maintained in the absence of the selection factor is not always a good 
criterion to define the genetic basis of an alteration. Moreover it 
cannot be a definitive criterion to distir^ish between genetic and 
epigenetic events. An analysis of the segregation of the tolerance in 
plants that produced resistant callus showed that plants derived from 
one of the lines were sterile, while plants from another line were sen¬ 
sitive to the herbicide. So, the expression of an altered phenotype is 
not general to aU the tissues or organs of a plant. Only in four lines 
was the resistance to picloram transferred sexually; three of the pheno¬ 
types behaved as dominant alleles and one as a semidominant allele of 
single nuclear genes. 

Swanson and Tomes (1980) isolated lines from callus of Lotus cornicu- 
latus cv. Leo resistant to 2,4-D. Two lines of callus were selected; 
one showing rapid growth and one slow growth in the presence of 4.5 
uM 2,4-D. On the other hand, cell lines resistant to 2,4-D were ob- 
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tained when callus from the wild type was inoculated into liquid medi¬ 
um with 60 |iM of the herbicide. The cells were subeultured 14 days 
later in liquid medium containing the same concentration of the herbi¬ 
cide. The suspension was then plated in a semisolid medium with 4.5 
(iM 2,4-D. The green spots of the callus obtained 2 weeks later were 
excised and inoculated onto a plantlet induction medium. According to 
the authors, the genotypes that were obtained could be propagated 
through meristem cultures. 

Selection for resistant ceU lines of celery was reported by Merrick 
and Collin (1981). Cells in suspension were incubated for 1 week in 
medium containing 80 nM Asulam. Single eeUs from small clumps of 
cells were inoculated in a herbicide-free semisolid medium. The cell 
colonies were again selected in 80 (iM Asulam. After 15 subcultures in 
a herbicide-free medium, the isolated cell lines stiU showed tolerance 
to Asulam. One cell line showed stable tolerance after 3 years of 
continuous subculture (Collin, 1981). 

With the use of the plating technique described by Bergman (1960), a 
suspension of celery embryoids was cultured in Asulam (Collin, 1981). 
The surviving embryoids, however, regenerated plants whose seeds were 
not viable. 

Seven variants of Nicotiana tabacum cells resistant to amitrol were 
obtained by McDaniel (1981). The regenerated plants and their prog¬ 
enies showed tolerance to the herbicide. Variants resistant to amitrol 
or to glyphosphate have been recently obtained and are being subjected 
to characterization. 


PROTOCOLS 

The effects of two herbicides and one ripener on the growth of 
callus derived from internodal leaf explants of three sugarcane (Saccha- 
rum spp.) varieties have been reported by Crocomo et al. (1981) using 
the protocol outlined first. Different varietal responses to two herbi¬ 
cides ametryn (a triazine) and dalapon (an aliphatic) and to the ripener 
mefluidide, which were used at the following concentrations: 0, 20, 40, 
80, and 160 ppm, have been noted. The callus of var. CB41-76 showed 
greater sensitivity toward the three compounds than those from var. 
IAC48-65 and var. NA56-79, which exhibited a similar degree of toler¬ 
ance (Fig. 1). Of the three compounds, ametryn was the one that 
showed greater deleterious effects on the three sugarcane varieties. 

Sugarcane caUus when cultivated in special media can differentiate 
and regenerate plants (Crocomo et al., 1979; third protocol). This sys¬ 
tem has been utilized in our laboratory to obtain sugarcane plants 
directly with different degrees of tolerance to ametryn and dalapon 
(Ochoa-Alejo et al., 1981). Callus from sugarcane (ev. NA56-79) was 
inoculated for plant regeneration in media containing 0, 20, 40, 80, and 
160 ppm of either ametryn, dalapon, or mefluidide. Plants tolerant to 
20 and 40 ppm ametryn were obtained; however, as the herbicide con¬ 
centration increased the frequency of regeneration decreased (Fig. 2a). 
Callus inoculated in medium with dalapon showed very low frequency of 
regeneration at 20 ppm, as the plants displayed symptoms of toxicity 
(Fig. 2b). The callus inoculated with mefluidide did not show signifi- 




Figure 1. Influence of ametryn, dalapon, and mefluidide on the growth 
of sugarcane callus derived from cv. CB41-76 (a,b,c), cv. lAC 48-65 
(d,e,f), and cv. NA56-79 (g,h,i). 


cant plant regeneration at the concentration employed. The regener¬ 
ated plants are being propagated in the presence of the herbicides. 

Techniques for culturing cells, tissues, and protoplasts of sugarcane 
(Saccharum spp.) have been established in our laboratories (Crocomo et 
al., 1979; Evans et al., 1980). CaUus, cell suspensions, and/or plant 
regeneration are obtained with inoculation of the tissue in specific 
media (liquid or solid medium). These techniques were adapted for 
phytotoxicity studies and for the selection of plants showing tolerance 
to herbicides. The general protocol is illustrated in the diagram in 
Figure 3, and each step is described in the following Protocols. 


Protocol for the Induction of Callus in Si^arcane Tissue and Tteatment 
with Herbicides 

1. Buds from internodal cuttings of sugarcane stalks are germinat^ 
in a growth chamber, in vermiculite containing trays, at 28 C, 12 
hr light. 

2. Leaves from the seedlings are removed 15-20 days later and seg¬ 
ments ea. 5 cm long are excised from the shoot. 

3. Ihe segments are washed 4-5 times (3 min each time) in a com¬ 
mercial sodium hypochlorite solution (2095 v/v). 

4. In the laminar flow, the segments are transferred to 250 ^ 
containing 200 ml of commercial sodium hypochlorite solution (20» 
v/v) and kept in a shaker (180 rpm) for 20 min. 
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VAR. NA56-r9 



Figure 2. Sugarcane plant regeneration from eaUus of cv. NA56-79 in 
IM medium eontainir^ ametryn (a), or dalapon (b). 

(Note: All the subsequent steps are conducted in a laminar flow 

under aseptic conditions.) 

5. TTie segments are washed three times in sterile distilled water, in 
Petri dishes. 




Figure 3. General protocol to obtain callus (solid medium), cell 
suspension, protoplasts, and plant regeneration of sugarcane (Saccharum 
spp.). (1) internodal meristematic tissue innoculated in the conditioning 
medium (CM); (2) cell proliferation and callus formation; (a) callus 
transferred to CM liquid medium; (b) cells in suspension; (3) callus is 
subcultured in the shoot induction medium (IM); (4) shoot regeneration; 
(5) transferrence to root induction medium (RM); (6) entire plant ready 
to be transferred to greenhouse after adaptation in a humid chamber. 


6. The segments are cut in 1-2 cm long pieces. 

7. The explants are inoculated in glass flasks {e.g., "French square" 
type) containii^ 10 ml of conditioning medium (CM), modified from 
Murashige and Skoog (1962), for callus formation. The basal medi¬ 
um has MS mineral salts and (per liter); sucrose 0.06 M, inositol 
0.55 raM, 2,4-D 13.5 |iM, thiamine 2.9 uM, arginine 0.34 raM, 100 
ml CW, 8 g agar (Crocomo et al., 1979). ITie pH is adjusted to 
5.8. 

8. The flasks containing the explants are incubated in the dark for 
3-4 weeks at 24 C. 

9. The ealli produced at both ends of the explants are excised and 
reinoculated in CM. The flasks are exposed to fluorescent (Gro- 
lux type lamps) and incandescent light for 4 weeks at 24 C. 'pe 
callus can be transferred to CM medium at least one more time 
without apparent loss of the capacity to regenerate intact 
Tissues derived from some sugarcane cultivars are more stable and 
can regenerate intact plants even when in CM medium for a long¬ 
er period (e.g., 1 year). 

10. The calli are divided into 1-2 cm diameter portions pd 

ferred to CM medium containing the desired concentration of the 
herbicide. 
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11. The flasks are exposed to light at 24 C for 4 weeks. 

12. Surviving cells are removed for reselection or lyophilization (chem¬ 
ical analysis). 


Protocol to Establish Sugarcane Cells in Suspension and TYeatment with 

Herbicide 

1. Callus portions (1-2 g fwt.) derived from sugarcane internodal ex¬ 
plants (preceding Protocol) are transferred to 125 ml flasks eon- 
tainii^ 50 ml CM liquid medium, in the laminar flow hood. 

2. The flasks are shaken on a rotary shaker (180 rpm) for 2 weeks at 
24 C. 

3. The dispersed cells (25 ml) are transferred to 125 ml flasks con¬ 
taining 50 ml CM liquid medium. 

4. The cells are subcultured as in the fyevious step every 2 weeks. 

5. The cell mass is determined in a 1 or 2 ml suspension culture col¬ 
lected in Miracloth discs and dried in an oven at 85 C for 2 hr. 

6. An equal mass of cells is inoculated in the CM liquid medium con- 
tainii^ the desired concentration of herbicide in order to study 
metabolic alterations. The CM liquid medium is not suitable for 
the selection of herbicide-tolerant cells, since many subculture 
steps can (and usually do) lead to loss of the capacity to regener¬ 
ate intact plants. This problem could most probably be addressed 
by using shoot induction medium (IM) with different hormones. 


Protocol for Regeneration of Sugarcane Plants Tolerant to Herbicide 

1. Callus pieces (1-2 g, see first Protocol) are transferred to 250 ml 
flasks, containing 50 ml of shoot Induction medium (IM) and differ¬ 
ent concentrations of the herbicide. AH the steps are made in the 
laminar flow. The IM medium has the MS mineral salts, plus (in 1 
liter) sucrose 0.06 M, thiamine 2.9 nM, inositol 0.55 mM, KIN 4.6 
|iM, NAA 5.4 |iM, 400 mg hydrolysed (enzymatic) casein, 100 ml 
CW, 8 g agar (Crocomo et al., 1979). The pH is adjusted to 5.8. 

2. The flasks are incubated for 4-6 weeks at 24 C under light (first 
Protocol). 

3. The regenerated shoots are transferred to 250 ml flasks containing 
50 ml root induction medium (RM), which corresponds to the SH 
medium of Schenk and Hildebrandt (1972). The sucrose content 
can be increased up to 0.2 M (Larkin, personal commimieation; 
Maretzki and Hiraki, 1980). 

4. The regenerated plantlets are left imder light as in step 2 above. 
The regenerated material can be reseleeted by repeating the whole 
farocess: caUus induction from its explants and plant regeneration 
in the presence of herbicides. 

5. The regenerated plants are transferred to pots containii^ a mixture 
of vermiculite and sand (4:1), irrigated with nutrient solution 
(Hoagland and Arnon, 1950), and maintained in a humid chamber. 
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FUTURE PROSPECTS 

Utilization of protoplasts as a system to select cell lines tolerant to 
herbicides has not been extensively explored. Using protoplasts, Aviv 
and Galun (1977) isolated lines of Nicotiana tabacum resistant to iso¬ 
propyl N-phenylcarbamate (IPC). A high proportion of plants regener¬ 
ated in the presence of the herbicide were sterile. Only one variant 
produced protoplasts more resistant to IPC than the control plants. 

Protoplast technology can be used to increase the possibility to ob¬ 
tain monoclonal lines and offers the opportunity for interspecific trans¬ 
fer of cytoplasmic factors of resistance to some types of herbicides. 
Such factors were observed in Brasstca, and were transferred using the 
classical methodology of crossing (Beversdorf et al., 1980). The tech¬ 
nique of protoplast fusion has already been used with success to trans¬ 
fer cytoplasmic factors of male sterility between Nicotiana sylvestris 
and N. tabacum (Zeleer et al., 1978; Chapter 9). 

Protoplasts from one species carrying the herbicide tolerance factor 
can be fractionated into enucleated microplasts or enucleated subproto¬ 
plasts using the methodology developed by Bilkey and Cocking (1980) 
providing enucleate units for fusion with protoplasts from another spe¬ 
cies. This technique will avoid irradiating protoplasts to inactivate 
nuclei before fusion which could cause side effects to the cytoplasm. 
The novel range of cybrids so formed would carry the tolerance factor 
(Cocking, 1981). 

A potential application for the transfer of herbicide tolerance factor 
is the transplant of cytoplasmic organelles. Differential tolerance to 
atrazine in several Chenopodium album has been observed (Souza Mach¬ 
ado et al., 1977, 1978). In this case, the mechanism of tolerance is 
determined by the differential tolerance of the chloroplasts. Therefore, 
as has been demonstrated in Other systems (Bonnett and Eriksson, 1974; 
Davey et al,, 1976), there is a possibility to transfer intact chloroplasts 
of resistant species to protoplasts of sensitive species. 

In nature, microorganisms harboring enzymatic systems to degrade 
herbicides genetically coded by plasmids can be found (Fisher et al., 
1978). Earns et al. (1981) were able to isolate a Pseudomonas strain 
that utilizes 2,4,5-T and other chlorophenols as a sole carbon source. 
This new degradative function of this bacteria could be evolved by re¬ 
cruitment of genes from various other plasmids. The incorporation of 
plasmids responsible for herbicide degradation can open new perspect¬ 
ives for the transference of resistance/tolerance in plant cells in the 
future. 

The treatment of cells with mutagens to increase the frequency of 
phenotypes has not been used often to isolate ceU lines resistant to 
herbicides. Radin and Carlson (1978) isolated mutants tolerant to 
phenmedipharm and to bentazone. Gamma-irradiated leaves of N. 
tabacum were treated and plants were regenerated resulting in 10 
stable mutants. 

Selection of variants at a frequency from lO"® to 10"® can be ob¬ 
tained in some eases without mutagen treatment (Maliga, 1978). Hovr 
ever, the frequency of some phenotypes can be increased up to 10 
times when cells are treated with mutagens. On the other hand, le- 
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sions can be introduced in other genes unrelated to the resistance by 
the mutagens leading to undesirable characteristics in the selected 
phenotype (Aviv and Galun, 1977; Gressel, 1980). 
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CHAPTER 27 

Germplasm Preservation 

W. Nitzsche 


The conservation of living material is of interest to many scientific 
workers. Prokaryotes, plants, and animals have been included in such 
experiments. The aim of germplasm conservation is to insure the avail¬ 
ability of useful germplasm at any time. Therefore the storage of cal¬ 
lus tissue should address the problem of conservation of special pheno¬ 
types, and not of weU-defined genotypes. This is of interest in the 
following fields: (1) The conservation of callus and cell lines for tissue 
culture purposes, which have lost the ability of morphogenesis or at 
least to undergo mitosis and to produce seeds. This may be the case 
in cell lines with or without a special enzyme activity (Schroeder et 
al., 1979), or in animal cells producing monoclonal antibodies (Koehler 
and Milstein, 1975). (2) In open-poUinated, self-incompatible species, 

special breeding methods must be used, such as polycross or topcross 
(Frandsen, 1951) to estimate the breeding value of single plants. After 
progeny testing, the best original plants are used for multiplication. 
This is only possible in perennial plants, as annuals do not survive 
their progeny. Tissue culture and storage can overcome this problem. 
(3) In vegetatively propagated species, maintenance breeding has to 
produce healthy, mainly virus-free plants. With the use of tissue 
culture, along with stored calli, there is a high protection against in" 
feetion, and healthy clones can be maintained for years. A presupposi¬ 
tion for all fields is the need for methods that enable safe conservauon 
and stable regeneration of cells, calli, or meristems to plants after 
several years of storage. 



Germplasm Preservation 783 

LITERATURE REVIEW 
Theoretical Basis of Conservation 

For long-term storage, the living material must be fixed invariably. 
Changes of chemical composition or physical structure wIU lead to cell 
death or permit accumulation of mutations. Only reversible processes 
can be tolerated. 

Biochemical reactions in the cells require liquid water as substrate, 
otherwise processes are stopped. Water can be eliminated by transfer¬ 
ring the liquid water, including the "bulk water" and the "vicinal 
water" (Ljivtrup and Hansson Mild, 1981) to the solid or gaseous state, 
or to substitute water with other substances. There are therefore dif¬ 
ferent principles for preparing the callus for storage. 


Transfer of Water to the Solid State 

Freezing of water occurs at a wide range of temperatures. While 
pure water becomes ice at 0 C, the cell water needs much lower tem¬ 
peratures because of freezing point depression by salts or organic mole¬ 
cules. The lowest temperature, where liquid water has been demon¬ 
strated is -68 C (Scheurmann, 1967). This implies that storage temper¬ 
atures of hydrated cells and tissues must be lower than -70 C. Type 
of crystal formation during freezing process and during storage controls 
survival of the tissue. 


Transfer of Water to the Gaseous State 

The transfer of water to the gaseous state results in dehydration. 
In most cases this leads to cell death. However, in some specially 
adapted organisms or tissues, dehydration occurs naturally. Dehydrated 
seeds of cereals can stay alive for more than 100 years (Aufhammer 
and Fischbeck, 1964). Tiller buds of Vftis riparia can dehydrate and 
thereby overcome freezing damage during midwinter {Pierquet and 
Stushnoff, 1980). Also, animals, e.g., nematodes, can naturally dehyd¬ 
rate without dying. Artificial drying of mammalian cells is done suc¬ 
cessfully with bun sperm down to 6% residual water. After storage for 
2 days at temperatures above zero, the sperm survived (Jeyendran et 
al., 1981). 


The Substitution of Water 

Sometimes water can be substituted by a lot of organic solvents in 
cells. Little is known about the biochemical background of this con¬ 
servation method. Iwanami (1972a) successfully used 19 different or¬ 
ganic solvents for the storage of Camellia japonica pollen (Table 1). 
These three principles form the baisis for methods of cryoprraervation. 
Physical structures may be altered reversibly, but the biochemical 
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Table 1. Pollen Protectants Used Successfully by Iwanami (1972b) 


Acetone (0.4% H 2 O) 

Carbon tetrachloride 

n-Amyl acetate 

1,1,1-Tr ichloroethane 

Ethyl acetate 

iso-Amyl ether 

n-Amyl alcohol 

Diethyl ether 

n-Butyl alcohol 

Petroleum ether 

Ethyl alcohol 

n-Heptane 

iso-Butyl alcohol 

n-Pentane 

Benzene 

iso-Pentane 

Paraldehyde 

Toluene 

Petroleum benzene 

Xylene 


structures, bearing the genetic information, undergo changes that are 
stable. 

In addition to these storage principles, the use of slow growth is 
also possible. By this method living material is maintained with as low 
a growth activity as possible while retaining some activity. Water is 
maintained in the liquid condition, but aU biochemical processes are 
delayed. This phenomenon occurs in nature with the dormancy of bulbs 
and buds. 


METHODS OF CRYOHIESERVATION 
Freezir^ 

The type of crystal water within stored cells is very important for 
survival of the tissue. For this reason three different types of freezing 
procedures have been developed: (1) slow freezing with a temperature 
decrease of 0.1-10 C/min, (2) the rapid freezing method, with a temp¬ 
erature decrease of 5C-1200 C/min, and (3) the stepwise freezing meth¬ 
od, combined from a slow freezing method to -20 to -40 C, then a stop 
for a period of time and an additional rapid freezing to -196 C (liquid 
nitrogen) (Withers, 1978a). A scheme of the temperatures used for 
each method is given in Fig. 1. Storage temperatures for all these 
methods are between -70 C and -196 C. Chaises of temperatures may 
lead to an additional increase in crystal size. 


PRETREATMENT. The effect of temperature on plants depends 
equally on genotype and environment, as well as on physiological condi¬ 
tions. While genotype for practical purposes is an unchangeable factor, 
the other two factors can be altered according to circumstances. 
Some plants are always killed at the same temperature, e.g., sunflowers 
at -2 C. Other plant species are killed according to the environmental 
temperature that was present before freezing. For instance, cabbage 
dies at -2 C when it is grown at 20-30 C; when grown at 5 C for 1 
week it is killed at -7 C, and after a second week at 0 C it is killed 
at -12 C. This dependence of killing temperature on the culture tem- 
peratwe is known as hardening. Levitt and Dear (1970) call the first 
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Figure 1. Temperature flow at different freezing procedures. 


group tender plants, and the second group, which can be hardened, 
hardy plants. During the hardening process, structures in the plasma 
membrane may be altered, molecular linkages within proteins may be 
changed from SS (sulphur-sulphur) to SH feulphur-hydrogen), and addi¬ 
tionally, sugars and similar substances, which have the function of 
cryoprotectants, are adcumulated. 

The process of hardening is also important as a pretreatment for 
freezing in tissue culture. As both genetic and environmental factors 
are influential, no general rules can be stated. Each situation has to 
be investigated specially. Photoperiodic processes may additionally 
complicate the process. 

Appearance of ice crystals in cells is controlled by adding cryopro- 
teetants, substances which in the solid state are amorprfious instead of 
crystalline. A number of different cryoprotectants are known, with dif¬ 
ferent efficiencies (Table 2). Most frequently used is DMSO (dimethyl- 
sulfoxide), which was discovered in 1959 by Lovelock and Bishop. 

A diluted solution of the cryoprotectant (e.g., 5-10^ DMSO) has to 
be added gradually to prevent plasmolysis in intervals of at least 5 
min. Tliis procedure has to be done in an ice bath, as room tempera¬ 
ture affects the viability of cells and tissues. After the last addition 
of the cryoprotectant, but before cooling, there should be an interval 
of 20-30 min. 

Mixtures of several cryoprotectants may also be used. Ulrich et^ al. 
(1979) and Finkle et al. (1980) put pieces of embryonic palm callus into 
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Table 2. Efficiency of Different Cryoprotectants (Cinatl and Tolar, 
1971) 


80% 

SURVIVAL 

60% 

20% 

Glycerol 

Acetamide 

Di methylsulfone 

Dimethylsulfoxide 

Dimethylacetamide 

Polyvinylpyrrolidone 

Ethylene glycol 

Formamide 


Diethylene glycol 

Monoacetine 


Propylene glycol 

Mannose 


Pyridoxine-n-oxide 

Ribose 


Hexamethylentetra- 

mine 

Glucose 



a mixture of 10% polyethylene glycol, 0.44 M glucose, and 10% DMSO, 
froze the material and subsequently grew it into plants after thawing. 


THE SLOW-FREEZING METHOD. This method is the most common 
one. Survival of cells frozen at slow-freezing rates of -0.1 to -10 
C/min may involve some beneficial effects of dehydration, which mini¬ 
mize the amount of interceEular water that freezes inter cellular ly. 

A lot of temperature-controlling instruments, including computer pro¬ 
grammed freezers, have been developed (Cinatl and Tolar, 1971; Bajaj 
and Reinert, 1977). Technically these systems are expensive, but in 
many species success has been achieved. In Oryza Sala et al. (1979) 
have used the method of slow freezing with an inexpensive variant util¬ 
izing Dewar bottles. 


THE RAPID-FREEZING METHOD. The quicker the freezing is done, 
the smaller the intracellular ice crystals are. When plant material is 
placed in vials directly into liquid nitrogen, a decrease of -300 to 
-1000 C/min or more will occur. This method is technically simple and 
easy to handle. A somewhat slower temperature decrease is achieved 
when the vial containing plant material is put in the atmosphere over 
liquid nitrogen (-10 to -70 C/min). Dry ice (CO 2 ) instead of nitrogen 
probably can be used similarly. 

In the rapid-freezing method cryoprotectants are used in the same 
manner as in the slow-freezing method. For deciding between both 
methods the water content of the samples is very important. For the 
rapid freezing method, small specimens with low water content seem to 
be more appropriate. None of the reports of preservation by the rapid 
freezing method describes a postthaw deplasmolysis injury effect in con¬ 
trast to the more widely used slow freezing method (Withers, 1978b). 

THE STEPWISE FREEZING METHOD. This method combines the ad¬ 
vantages of both the other methods. A slow freezing procedure down 
to -20 to -40 C permits a protective dehydration of the cells. ^ 
additional rapid freezing in liquid nitrogen prevents the growii^ of big 
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ice crystals in the biochemically important structures. Cryoprotectants 
are needed as with the other techniques. The expense is similar to 
both above-mentioned methods. 

The stepwise freezing method gives excellent results with suspension 
cultures, but is unsatisfactory for organized structures. 


Storage of Dried Callus 

The basic idea for the drying method originated from the totipotency 
of cells: every plant cell has the potential to develop into a complete 
plant. Consequently, it must be assumed that each callus cell can be 
transferred to conditions that are similar to those in stored seeds. 

Cells of embryos are meristematic; however, they Icse moisture dur¬ 
ing the ripening process. This process is controlled by hormones} in 
addition chemicals that facilitate storage substances are also often 
accumulated. This process may be simulated in vitro. The ripening 
process is not well understood, as a ripened cell has not been chemi¬ 
cally defined. Hormones influencing ripening include abscissic acid 
(ABA) and ethylene. Other hormones are also important. Storage sub¬ 
stances include carbohydrates, lipids, and proteins that may be influen¬ 
tial as well. 


PRETREATMENT, In several investigations the influence of ABA and 
sucrose concentration in the medium has been tested. ABA acts as an 
inhibitor of many processes in the cell, especially those biochemical 
events that are initiated by GA ("Dewavas, 1976). One effect of both 
ABA and Rifampicin is the decrease of RNA-polymerase activity; how¬ 
ever, in contrast to ABA, a pretreatment with Rifampicin does not 
influence the survival of cells. Hence the significance of the action of 
ABA during the pretreatment is not yet understood. 

Increasing sucrose concentration up to 0,15 M or more has a positive 
effect on the survival of dried callus. Sucrose may act as a cryopro- 
tectant in altering the structure of the cell water or alternately may 
increase dry matter content which in turn increases the survival rate. 

From our investigations, optimum pretreatment is from 12 to 20 days. 
Apparently, a significant number of biochemical transformations are 
necessary for effective treatment. It is of both biological and bio¬ 
chemical interest that nucleic acids, proteins, etc. can be dehydrated 
without losing their information, and that the crystal water is not nec¬ 
essary for the preservation of their structure. 

The pretreatment seems to be a necessary prerequisite in many di¬ 
cotyledonous species, although calli of Gramineae survive without it. 


DRYING, Contamination of the calli has to be prevented during the 
drying and storage processes. This has been achieved by using either 
of two different methods. In the first method, callus pieces were 
placed in sterile gelatin capsules (0.5 cm^) and dosed. The capsules 
may then be dried under unsterile conditions in the laboratory for sev- 
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eral days. Survival of Daucus ccrota L. callus was not affected by 4-7 
days drying (Nitzsche, 1978). In the second method, callus pieces were 
placed on sterile filter paper and dried in a laminar air flow chamber 
in the stream of sterile air. Tlie dried callus pieces are then stored in 
sterile Petri dishes or similar vessels (Nitzsche, 1980). 


STORAGE. In contrast to the freezing method, superlow tempera¬ 
tures are not necessary for the store^e of dried ealli. The storage 
conditions can be chosen according to those that are used for seeds. 
Low humidity is necessary while low temperatures are useful. Temper¬ 
atures above 0 C should be used. Oicygen content of the surrounding 
atmosphere may also influence the survival, but this has not yet been 
investigated. As storage requirements are not as rigid for dried callus, 
this method does not require as much energy as the freezing method. 


Substitution of Water 

The substitution of water with other chemicals has not been tried in 
tissue culture. Chemical substitution has been investigated in the stor¬ 
age of poUen (Iwanami and Nakamura, 1972). They have been able to 
store pollen of Chrysanthemum pacificum, Lilium longiflorum, L. specio- 
sum, L. auratum. Camellia japonica, C. sasanqua, Impatiens bcHsamina, 
and Roggen (1974) has stored Brassica spp. The substitution is com¬ 
pleted by submerging the pollen in organic solvents without any pre- 
treatment. Most environmental effects that have been investigated are 
unimportant. Successfully used organic solvents are listed in Table 1. 
It seems to be important that the solvents are free of water. For ex¬ 
ample, 1.5% water in ethanol prevents germination of pollen. Acetone 
may contain 0.4% H 2 O which does not impede storage, but an incre^e 
to 0.9% leads to a decrease in subsequent pollen germination capacity 
(Iwanami, 1972a,b, 1975). 

For storage in organic solvents, low temperatures (0 C) are suffi¬ 
cient; pollen of Lilium could be stored under these conditions up to 
180 days. 

It is unknown if the method of chemical substitution of water also 
can be used in the preservation of tissues or cells in culture. 


Combination of the Methods 

The three different methods of cryopreservation may also be used in 
combinations. The use of cryoprotectants can be considered as a com¬ 
bination of the freezing method and the water substitution method, but 
with an incomplete substitution of the water. 

The combination of substitution and drying methods is also done m 
pollen. In this case the organic solvent is evaporated, and the pollen 
is used for fertilization of flowers (Iwanami, 1972a). 

Drying and freezing have been combined in the cold storage of dried 
callus as a control in the experiments of Nitzsche (1980). The dry- 



Germplasm Preservation 789 

freezing method of Withers (1978a, 1979) cannot be mentioned here, be¬ 
cause the cells contained water and only the embryos were blotted dry 
of superficial moisture, prior to the freezing procedure. 


Slow-Growing Method 

In addition to those methods already discussed, in which the liquid 
water is replaced by other states or substances, cells may be stored in 
a slow-growing state. This technique is comparable to the traditional 
technique of Japanese gardeners known as Bonsai, in which trees are 
kept alive in small pots over hundreds of years. Growing processes are 
reduced to a minimum by limitation of a combination of growth factors. 
This technique can be applied to tissue cultures mainly by using tem¬ 
peratures from 1-4 C, but also up to 26 C, by using low oxygen pres¬ 
sure, or by reducing the growing capacity by hormones. 


TEMPERATURE. The use of this technique has been demonstrated by 
Lundergan and Janick U979), They cultured shoot tips of apples (Malus 
domestica Borkh, cv. Golden Delicious) on artificial medium and stored 
it at 1 and 4 C, The tissues survived the 12 month storage. After 
returning to 26 C the shoot tips proliferated new shoots. 


LOW OXYGEN PRESSURE. The oxygen pressure can be regulated by 
atmospheric or partial pressure. The possibilities and applications of 
this method can be found in Chapter 29. 

Alternatively, Caplin (1959) investigated the influence of a mineral 

oil overlay for tissue conservation. Callus of Daucus carota cv. Long 

Chantenay were preserved in test tubes overlayed with 0.5-4 cm 

mineral oU and the oxygen excluded. At 26 C the tissues could be 

maintained viable by subculturing at 5 month intervals for 3 years. 


HORMONES. It is also possible to use plant growth regulators to 
delay callus growth. One of the substances that has been tested is 
succinic acid 2,2 dimethyl hydrazide (B-9). This chemical causes a re¬ 
duced growth, mainly shorter internodes of the plants. It has been 
tested on potatoes (Solarium tuberosum L.) in addition to reducing tem¬ 
perature to 10 C and the light intensity to 4000-5000 lux. Using this 
method, the interval of transfer to new medium is prolonged up to 2 
years (Mix, 1981). The genetic stability seems to be unaltered. Geno¬ 
typic differences between cultivars have been observed. 


DETERMINATION OF SURVIVAL 

There is only one realistic test of survival of plant material: the 
regrowth of plants from stored tissues or cells. This test nee& a lot 
of time and work, and therefore it is unsuitable in basic investigations. 
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For basic research purposes, the test is stopped at any st£^e during 
thawing and plant regrowth. The regrowth of callus after thawing also 
gives evidence of cell survival. 

Staining methods are much more rapid than the more time-consuming 
methods mentioned above. Two different techniques are available. The 
first technique, fluorescein diacetate staining (Widholm, 1972) works 
only for living cells. One drop of fluorescein diacetate (0.1%) is mixed 
with one drop of the thawed ceU suspension. The cells are counted 
microscopically in normal light and in UV light. The relation of both 
gives the percentage of survival. 

In the second technique, the triphenyl tetrazolium chloride method 
(TTC), the cell survival is estimated by the amount of formazen pro¬ 
duced as a result of reduction of TTC. This reaction results in a pink 
color. The procedure involves the following steps (Bajaj and Reinert, 
1977): 

1. Buffer solution: 78% Na 2 HP 04 x 2 H 2 O solution (0.05 M):22% 

KH 2 PO 4 solution (0.05 M). 

2. TTC-solution: 0.18 M TTC dissolved in buffer solution. 

3. About 150 mg of cell sample is put into 3 ml of TTC solution and 

incubated for 15 hr at 30 C. 

4. The TTC solution is drained off and the cells washed with distilled 
water. 

5. Cells are centrifuged and extracted with 7 ml of ethanol (95%) in a 
water bath at 80 C for 5 min. 

6 . The extract is cooled and made to 10 ml volume with 95% ethanol. 

7. The absorbance (pink color) is then recorded with a spectrophoto¬ 

meter at 530 )un. 

It should be noted that neither of these staining methods can replace 
the plant regrowth experiments. Stainir^ is useful only to give a pre¬ 
liminary indication of viability. 


SPECIFIC SECTION 

The methods used for different plant genera are listed in Table 3. 
This list implies that the slow or stepwise freezing method excludes 
the rapid freezing method and vice versa. The only exception is 
Fragaria, where both methods have been successfully applied. How¬ 
ever, upon examination of different genera within a family, some gener¬ 
alizations can be made. In the Solanaceae both methods are succes^ 
ful, and there is no reasonable explanation that a method working in 
Datura or Nicotiana should not work in Lycopersicum or Solanum. 
Furthermore, from looking at the whole literature it can be concluded 
that the success of the methods depends more or less on where the 
investigations were conducted. Therefore the absence of the + sign 
does not necessarily mean that the method does not work. The better 
interpretation is that the special case has probably not yet been inves¬ 
tigated. 
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Modifications and Applications 


Araliales 

Daucus carota L. This is one of the classical objects of tissue cul¬ 
ture. Therefore, it has also been used for basic investigations in germ- 
plasm conservation studies. The most frequently used medium for 
carrot tissue culture is MS supplemented with 2,4-D (2.3 (iM). 

The basic investigations of the stepwise freezing method have been 
reported by Latta (1971), Nag and Street (1973), Dougall and Wetherell 
(1974), and Bajaj (1976). In these publications the influence of geno¬ 
type, eryoprotectant, cooling rate, storage temperature, and duration 
and thawing methods have been tested. 

An influence of genotype is not mentioned in any of the publications, 
unless wild versus cultivated carrots have been used. The cryoproteet- 
ants tested include DMSO, glycerol, and sucrose. Best results were 
obtained with 5-7% (up to 1056) DMSO. Optimal cooling rate is -1 to 
-2 C down to -40 C or more and subsequent storage in liquid nitrogen. 
Cells can be stored at -78 C, but there is a progressive decline in cell 
survival as storage is prolonged. At -196 C no decline has been 
reported (Nag and Street, 1973). Rapid thawing yielded the best 
results of all thawing methods tested. All these results were confirmed 
by Popov et al. (1978) and Withers (1979). Using synchronized cells, 
Withers and Street (1977) determined that best survival was obtained 
using ceUs from the lag or early exponential growth phase. 

The dry-freezing method was introduced by Withers (1978a, 1979). 
After cryoprotectant treatment, plantlets (1-3 cm) derived from embryos 
were excised and blotted dry of superficial moisture. Subsequently the 
plantlets were frozen using the slow-freezing method. The dry frozen 
and thawed plantlets showed the induction of unorganized growth from 
shoot and root meristem regions. Addition of activated charcoal to the 
medium promoted organized growth. 

The callus-drying method was developed by Nitzsche (1978, 1980) for 
carrots. While callus grown on the medium of Gamborg and Eveleigh 
(1968) did not survive drying, those grown for 16 days on the same 
medium with 0.15 M sucrose instead of 0.58 M and supplemented with 
37.8 (iM ABA can be dried without loss of viability. The low residual 
water content of the dried callus allows freezing to -80 C without 
cryoprotectants as well as storage under low humidity conditions at 
room temperature. At 25* relative humidity and 15 C callus can be 
stored more than 2 years without loss of viability (Nitzsche, unpub¬ 
lished). On the original medium regrowth occurs after 4 weeks, and 
plants can be grown from them. 


Caryo0iyllales 

DieaiXtuts caryophyllus L. Shoot apices, includii^ two leaf primordia 
of Dianthus caryophyllus can be grown on the inorganic parts of^ MS 
medium completed with 1.1 uM thiamine-HCl, 0.55 mM myo-^ositol, 
0.57 tiM lAA, 2.3 {iM KIN, and .087 M sucrose. Rapid freezing has 
been investigated with this species (Seibert, 1976; Seibert and Wether- 
bee, 1977). From the cultivars Scania and EUen Marie, 33* and 15*j 
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respectively, of cells survived freezing in liquid nitrogen and rapid 
thawing. This material was stored up to 2 months in liquid nitrogen. 
In further investigations with the cultivars Scania and Linda a cooling 
rate of -50 C/min was considered optimum. An acclimation of the 
shoot apices to 4 C for 4 days prior to freezing increased the survival 
rate to 60%. These results could be confirmed in experiments started 
at different seasons of the year. Only short day conditions during Jan¬ 
uary and February gave viable shoot tips in cv. Pink Sim. Scania 
needed a 6-7 week short days treatment and Ellen Marie a 9 week 
treatment. It is uncertain if these differences reflect genotypic differ¬ 
ences. 


Fabales 

Glycine max L. The conservation of Glycine max has been investi¬ 
gated in cell suspension cultures by Bajaj U976). The cells were cul¬ 
tured in a White medium supplemented with 11.0 nM NAA and 0.47 |iM 
KIN. Pretreatment was best with 5% DMSO using a freezing procedure 
with a rate of -2 C/min to -196 C. The procedure resulted in 20% 
survival determined by the TTC reduction method. 


Lotus corniculatus L. The slow-growing method has been described 
in Lotus corniculatus by Tomes (1979). The cultivar Leo was used in 
node cultures on B5 medium containing 0.22 nM benzyladenine (BA-4) 
and B5-H, which contained neither cytokinin nor auxin. A total of 11 
genotypes on BA-4 and 19 genotypes on B5-H survived at a tempera¬ 
ture of 2-4 C for 4 weeks representative of a 91-100% survival rate. 


Trifolium sp., Medicago sativa L. These forage legumes have been 
examined under slow-growing conditions by Cheyne and Dale (1980) and 
by Bhojwani (1981). The species and varieties used were; Trifolium 
repens L. var. SlOO, S184, and Huia, Trifolium pratense L. var. S123, 
Norseman (tetraploid), and Medicago sativa L. var. Sabilt. 

Shoots, shoot tips, and meristems were cultured on B5, completed 
with 1.1 (iM lAA and 0.98 jiM 2iP (Trifolium) or 1.1 jlM NAA (Afedica- 
go) or on a medium containing the inorganic salts of MS and 4.0 jiM 
nicotinic acid, 0.4 (iM pyridoxin-HCl, 0.3 (iM thiamine-HCl, 0.55 mM 
inositol, .09 mM adenine sulfate, .06 M sucrose, and 8 g/1 agar. This 
medium is called BM. In some cases the medium of Blaydes (1966), 
which is identical with the medium of Miller (1963), was used success¬ 
fully. 

The storage temperatures were 2-6 C at 300 lux/8 hr or in complete 
darkness. Survival was tested by using regrowth after 4-8 weeks. The 
survival rates after 15-18 months storage were: for Trifolium repens 
var. SlOO, 92%; for T. repens var. S184, 92%; for T. repens var. Huia, 
100% (after 10 months); for Trifolium pratense var. S123, 83%; for T. 
pratense var. Norseman, 83%; for Medicago sativa var. Sabilt, 81%. 
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No real differences between dark and light treatment could be ob¬ 
tained. The number of shoots per culture decreased depending on stor¬ 
age time from 15 shoots after 1 month to 10 shoots after 10 months. 


Pisum sativum L. Leaf promordia meristems were the starting mater¬ 
ial for freeze preservation experiments done by Kartha et al. (1979) 
with Pisum sativum. They were grown on B5 medium supplemented 
with 0.5 hM BA. DMSO, glycerol and ethylene glycol at concentrations 
from 0-20* each were tested as cryoprotectants. The general proced¬ 
ure requires a eryoprotectant treatment at 0 C for 30 min and a 10 
min gap followed by a freezing rate from -0.5 to -1 C/min down to -40 
C, followed by storing in liquid nitrogen for at least 1 hr to 26 weeks. 
After rapid thawing the meristems were washed fo^ times and cultured 
for 3 weeks. Survival was based on callus formation and shoot produc¬ 
tion. A 100* shoot production was observed using 0-5* DMSO, 0* 
ethylene glycol, or 0-15* glycerol. A freezing rate of -0.6 C/min was 
optimum. There were no differences in survival at storage between 1 
and 26 weeks. 


Geraniales 

Linum usitatissimum L. The only investigated species of the Gerani¬ 
ales is Linum usitatissimum (Quatrano, 1968). Cell cultures were 
established in MS medium supplemented with 0.12 M sucrose, 1.0 mM L- 
glutamine, 0.7 raM cysteine-HCl, 3.0 nM thiamine-HCl, 4.5 |iM 2,4-D. 
Cryoprotection was achieved with 10* DMSO using a freezing rate of 
-5 to -10 C/min. After storage at -50 C for up to 1 month the cell 
suspension was thawed rapidly and washed three times. The survival 
rate was 14*, determined by the tetrazolium test. 


Primulales 

JVimuIa obconica Hance. The MS medium completed with 2.9 tiM 

lAA, 2.3 (iM 2,4-D, and 9.1 (iM ZEA has been used for anther culture 
in Primula obconica (Bajaj, 1981b). After 3 weeks cultivation at 26 
no growth of callus or embryos could be obtained. The anthers were 
treated with 7* DMSO and 0.2 M sucrose for 2 hours, then the cryo- 
protectant solution was removed, and the anthers were blotted on ster¬ 
ile filter paper and quickly frozen to -196 C. After rapid thavnng an 
further cultivation, haploid plantlets were regenerated. The efficiency 
rate was not given. 


Hosales 

Frago'ia amanasis Duch. Tissue culture is well established in the 
breeding and multiplication of Fragaria armanasis. The maintenance 
tissue in vitro has become of interest for pratical purposes. The slo 
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growing method was used by Mullin and Schlegel (1976). Sterile plant- 
lets were grown in test tubes on a medium containing 1 1 Knop solu¬ 
tion (macroelements), 0.5 ml Berthelot solution (microelements), 3.0 |iM 
thiamine-HCl, 4.1 mM nicotinic acid, 2.4 jiM pyridoxine-HCl, .03 mM 
glycine, 0.55 mM myoinositol, 14.2 fiM lAA, 0.47 |iM KIN. The plant- 
lets were grown on filter paper with 2.5 ml solution in a test tube and 
stored in a refrigerator at 1 and 4 C. A total of 58 different geno¬ 
types were tested. The material was cheeked every 3 months and 1-2 
drops of the solution were added to those cultures showing evidence of 
desiccation. The genotypes could be stored up to 6 years. Storage at 
1 C yielded better results than at 4 C. This storage method is very 
inexpensive. 

Freezing methods have been tested by Kartha et al. (1980). Straw¬ 
berry meristems were isolated from plantlets propagated in vitro and 
precultured on MS with 10 iiM BA, supplemented with either 595 DMSO 
for 2 days or different concentrations of glycerol for 1-3 days. Indivi¬ 
dual cryprotectants were added for 60-120 min at 0 C. Stepwise 
freezing was done to -40 C with additional storage in liquid nitrogen, 
or rapid freezing by plunging into liquid nitrogen. 

Optimum cooling velocity was -0.84 C/min which resulted in a sur¬ 
vival rate of 9596, the tested range was -0.56 to -0.95 C/min. Rapid 
freezing and rapid dry freezing resulted in a survival of only 5-795. 
Prefreezing treatment with glycerol resulted in a lower survival rate 
than ceUs with 596 DMSO as a cryoprotectant. After 1 week's storage 
in liquid nitrogen, the plant survival and regeneration was 95^, but 
after 2-8 weeks survival was reduced to 50-6096. 


Mcdus domestica Borkh. The low-temperature storage of apple shoots 
in vitro has been investigated by Lundergan and Janick (1979). Malus 
domestica Borkh. cv. Golden Delicious shoot tips have been cultivated 
on MS medium supplemented with 0.3 jiM thiamine-HCl, 2.4 |iM pyridox¬ 
in, 4.0 fiM nicotinic acid, 0.3 mM glycine, 22 nM BA, .087 M sucrose, 
and 10 g/1 agar. After a 12 months' storage, there was a survival at 
-17 C of 0%, at 1 C of 10096, at 4 C of 70Sfe, and at 26 C of 3». At 
the low temperatures the average number of shoots per culture tube 
increased with storage time. 

Prunus cerasus L. Turmanov et al. (1968) investigated freezing sur¬ 
vival of plum callus. On White or MS medium they cultivated callus 
tissues at 26 C and varied the sucrose content for 10 days from 295 to 
1596. Calluses were tested at -4, -7, -10, -13, -15, -20, -25, -30, -35, 
-40, and -50 C. At low sugar concentrations callus survived at -25 C, 
at the high concentrations callus survived at -35 to -40 C. Up to 50% 
of the dry weight of the callus was sugar. 


Rhamnales 

Vitis rupestris Scheele. Slow-growing experiments have been done by 
Glazy (1969) in Vitis rupestris. Sterile tillers were grown on a medium 
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composed of 0.5 liter Knop’s solution, 0.5 ml Berthelot’s micronutrients, 
thiamine, pyridoxin, nicotinic acid, ca-pantothenate, inositol, biotin, (ail 
given without quantification), and 0.04 M sucrose. The survival after 
24 days were at 2 C 13%, at 7 C 46S5, at 9 C 100*, and after 42 days 
at 9 C 100*. At the highest temperature the tiller could be stored up 
to 300 days without loss of viability and without elongation of the 
tillers. 


Sapindales 

Acer pseudoplatanus L. One of the species more frequently investi¬ 
gated for tissue conservation is Acer pseudoplatanus. Acer can be cul¬ 
tured on WH medium with 27.0 [iM 2,4-D, 10* CW, on LS or on a 
medium developed by Stuart and Street (1969). The optimum storage 
condition was determined by Sugawara and Sakai (1974) using 24* 
DMSO (v/v) and 0.55 M glucose (w/v) in distilled water, slow freezing 
to -40 to -50 C and storage in liquid nitrogen. After rapid thawing, 
survival in the TTC-test was 20-30*. It seems essential to use the 
cells in late lag phase or in the early eeU division phase. Nag and 
Street (1975a) reported a survival of 2* after using 5* DMSO, a cool¬ 
ing rate of -2 C/rain to -65 C and rapid freezing in liquid nitrogen 
with rapid thawing. 

Slow freezing was shown to be optimum by Withers and Davey (1978) 
and Withers (1978b) for Acer pseudoplatanus. They used a cooling rate 
of -1 C/min and thawed it rapidly for electron microscopic puirposes. 
Slow freezing in the presence of cryoprotectants was associated with a 
reduction in cell size by dehydration, reduced intracellular ice forma¬ 
tion and good preservation of organelle integrity. Only cryoproteeted 
cells survived, but even in these cells some ultrastructural modifica¬ 
tions were evident. 


Campanulales 

Chrysanthemum morifolium Ramat. The only investigated species of 
the Campanulales is Crysanthemum morifolium. It has been tested in 
acclimation experiments by Banner and Steponkus (1976) and in slow- 
powing experiments (Chapter 29). The acclimation was investigated on 
MS medium with 4.6 uM KIN, 5.4 |iM NAA, 0.55 mM inositol, 200 mgA 
casein hydrolysate, and 100 ml/1 CW. After subculturing at 27 C for 
10, 17, 31, 45, and 59 days the callus was acclimated at 4.5 C for 0, 
1, 2, 4, and 6 weeks. Freezing procedure was done stepwise to -4, -5, 
-6, -9, -12, and -15 C. The best combination occurs at 10 days 
preculture and 4-6 weeks acclimation. The cultivars Shining Light, 
Jessamine WiUiams, and John Milbrath survived at 4 weeks acclimation 
at a temperature of -15 C, the cultivars Chiquita and Larry at 6 
weeks acclimation at a temperature of -16.1 C. 


Haplopapfus sp. Cass. Haplopappus is extremely sensitive to freezing 
in contrast to other Compositae. Without cryoprotectants and starting 
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with cell suspension cultures of H. gracilis, Towill and Mazur (1976) 
observed a 10^ survival of cells, frozen in Erikkson medium from -1 C 
with a cooling of -0.1 C/min down to -10 C. Cells frozen in distilled 
water had a lower survival rate. Hollen and Blakely (1975) used H. 
ravenii for their experiments. At a cooling rate of -1.3 to -3 C and 
using IOS 5 DMSO they observed 3-5 times greater viability than the 
control that was transferred from -20 C by rapid thawing. However, a 
prolonged storage at -20 C was not possible. The best stage for start¬ 
ing such experiments seems to be the early log phase, because these 
rapidly growing cells are most resistant to freezing. 


Solanales 

Atropa belladonna L. Solanales are of interest in freezing experi¬ 
ments, because this order contains many economically important spec¬ 
ies, and most of these species are tropical or subtropical. Therefore 
acclimation by low temperatures to freezing conditions cannot be ex¬ 
pected. 

Experiments with Atropa belladonna had been done by Nag and 
Street (1975a,b). Using callus cultures of Atropa on the SSM medium 
of Thomas and Street (1972) with 11.0 jiM NAA, different cryoprotect- 
ants (DMSO, glycerol) were tested; also the cooling rate was varied 
from 0.5-65 C/min. Best results were obtained with 5% DMSO and a 
cooling rate of 1-2 C/min. In the absence of cryoprotectants cell 
death occurred between -10 and -30 C, with DMSO cell survival de¬ 
creased from 9036 at 2 C to 28% at -60 C and was constant at lower 
temperatures. From the rapidly thawed cultures on the mentioned 
medium without NAA embryoids were formed. 


Capsicum annuum L. One report is given on the cryopreservation of 
Capsicum annuum by Withers and Street (1977). The influence of mol¬ 
arity was investigated by increasing the concentration of mannitol. 
The cultures were grown on LS medium supplemented with 1.8 2,4- 

D, and 0.14 pM KIN. Mannitol was added at concentrations of 0 M, 
.05 M, .09 M, and 0.29 M (w/v). After 7 days subculture cell diameter 
decreased from 112 to 85 then to 72 nm. Freezing procedure was 
done using glycerol (10%) and DMSO (5%) as cryoprotectants and a 
freezing rate of 1-2 C/min down to -100 C with subsequent storage at 
-196 C. 

A 40 C water bath was used for thawing. The cell suspensions were 
then diluted 1:50 with new medium. Capsicum cells were shown to be 
highly sensitive to chilling injury by storage at 2 C, but 70% of cells 
grown in presence of 5 % mannitol and treated directly with cryoprotec¬ 
tants survived, and the survival rate was decreased to 25-30% with 
additional freezing procedures. 

Slow growth of Capsicum annuum was also examined by Withers 
(1978a). The callus cultures survived a temperature of 4 C for 25 
days. 
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Datura stramonium L. Like other Solanaceae, Datura sp. have excel¬ 
lent response to tissue culture procedures. Tissue conservation of Dat¬ 
ura has only been investigated by Bajaj (1976). He cultured Datura 
stramonium on MS medium with 2.3 (iM 2,4-D. After a pretreatment 
with 796 DMSO, the cells were frozen at cooling rates from 1-3 C/min 
to -196 C. Cell survival was determined by absorption at 546 nm 
caused by tetrazolium chloride reduction. Highest survival rate was 
obtained at a cooling rate of 1 C/min. 


Ipomoea sp. L. From the Convolvulacea, Latta (1971) investigated 
the freezing possibilities of sweet potatoes. He started with 3-year-old 
eeU cultures on 67V medium and compared it to carrots. Addition of 
cryoprotectants showed that Ipomoea cells are much less permeable 
than those of carrots, mainly because of the sucrose content. So 
Ipomoea cells did not survive the technique successfully used in 
carrots. However, iweculture on a medium containing 65^ sucrose and 
the addition of 2.5S6 glycerol and 2.5* DMSO resulted in good survival 
of the cells at temperatures of -40 C. 


Lycopersicum esculentum L. Another Solanaceous species that has 
been investigated is tomato (Grout et al., 1978). Seedlings with rad¬ 
icle length of 18-20 mm were surface sterilized and put into MS medi¬ 
um with .08 M sucrose (w/v) at 0 C. As a cryoprotectant DMSO was 
added stepwise at 20 min intervals for 2 hr. Different DMSO concen¬ 
trations and freezing methods were tested. The best survival was ob¬ 
tained using 5-10* DMSO, using a rapid freezing method, and using 
vapor cooling in a Dewar bottle over liquid nitrogen with a tempera¬ 
ture decrease of -20 to -55 C/min. The best survival was obtained at 
10-15* DMSO. Under the slow-freezing condition all the seedling 
died. Of the cultures, 40-45* produced shoots immediately. This is 
about half the frequency of the nonfrozen control. By adding GA to 
the nonsurvivors, all material showed morphogenesis. Based on this re¬ 
sult it was concluded that the hormonal regulation of organized growth 
has been altered by the freezing and/or thawing process. 


Nicotiana tabacum L. Freezing experiments in Nicotiana tabacum 
have been reported (Chapter 28; Bajaj, 1976, 1978). Culture medium is 
MS with 1.1-11.0 (iM lAA and .047-0.93 uM KIN. Cell suspensions, 
callus or anthers could be frozen. DMSO, ethylene glycol, glucose, and 
glycerol have been tested as cryoprotectants. The best results ob¬ 
tained were with 10* glycerol or a mixture of 0.22 M glucose, 3* 
DMSO, and 2.5* ethylene glycol. With glycerol, cells survived a 6 
months storage at -196 C. Using this mixture of 3 cryopreservation 
compounds only 20* of the cells recovered from a temperature of -23 
C. After thawing the cells remained in lag phase for up to 4 months. 
The stepwise freezing method was used with a freezii^ rate of 2 
C/min. The slow-growing method has also been applied to tobacco and 
Chrysanthemum (Chapter 29). 
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Solamm sp. L. The rapid-freezing method has been successful in 
Solarium sp., as reported by Grout and Henshaw (1978) for S. gonio- 
calyx and Bajaj (1981a) for S. tuberosum. The media used were modi¬ 
fied MS with various concentrations and combinations of sucrose, lAA, 
2,4-D, BA, GA, and KIN. In addition, 10% DMSO or 0.15 M sucrose, 
5% glycerol, and 5% DMSO were used as cryoprotectants. Shoot tips, 
axillary buds, or tuber sprouts could all be preserved. 

After rapid freezing, storage from 4 weeks to 24 months, and rapid 
thawing, the survival rate was determined. Combinations of the three 
cryoprotectants gave better results than DMSO alone. Tuber sprouts 
survived at a rate of 11-14%, while 19-27% of axillary buds and shoot 
tips survived. Regeneration of plants occurred after a lag period. 

The slow-growing method was used by Mix (1981). Nodal segments 
were grown on liquid medium on filter paper. The medium is given in 
Table 4. At 10 C and 4000-5000 lux the tissues may survive for 2 
years. Some genotypic differences have been observed. 

Storage of dried callus was successful in only one line of potato. 
Here the dihaploid clone HH 258 was grown on MS with 37.8 hM ABA 
and 0.15 M sucrose, dried in sterile air, and cooled to -80 C for 36 hr. 
Regrowth occurred with shoot formation after transfer to new medium 
(Nitzsche, unpublished). 

Table 4. Medium for Slow-Growii^ Culture of Potatoes (from Mix, 

1981) 


KNO3 .019 M 

KH 2 PO 4 1.25 mM 

NH4NO3 .02 M 

MgS 04 - 7 H 20 1.79 mM 

CaCl2-2H20 3.0 M 

H3BO3 0.1 mM 

MnS04-4H20 0.1 mM 

FeS 04 - 7 H 20 .05 mM 

Na2EDTA'2H20 0.1 mM 

CoCl2-6H20 0.1 (iM 

CuSO 4-5H20 0.1 [iM 

ZnS 04 ■ 7 H 2 O .03 mM 

Na 2 Mo 04 - 2 H 20 1.0 iiM 

KI 5.0 nM 

Succinic acid 2.2 dimethyl hydrazide 5% 1 ml/1 
Sucrose .06 M 

pH5.8 


Salicales 

Populus euamericanus Guinier. As with aU woody species, cold 
htirdiness is important in Populus, and cryopreservation was therefore 
investigated by Sakai and Sugawara (1973). Tliey cultured popular 
callus of Populus euamericanus ev. Gelrica on MS medium with 16.1 |iM 
NAA at temperature regimes of 23/19, 12/0, 8/5, 15, 12, and 0 C for 
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25 days. After this pretreatment the callus tissue was cooled to -5 C 
and later on in daily intervals in -5 C steps to -30 C. This tem¬ 
perature was maintained for 16 hr during the test. A part of the 
tissue was also frozen in liquid nitrogen for 2 hr. Thawing procedure 
was done slowly in air at 0 C. Survival of material was determined by 
regrowth on MS medium for 50 days. All treatments except the 23/19 
treatment survived -5 C. The 12/0 and the 8/5 treatments were hardy 
to -15 C. When the callus was subsequently subjected to 0 C for 20 
days to induce acclimation, callus of the 12/0 regime survived -70 C or 
below. 


Gentianales 

Coffea arabica L. Coffee seeds retain their viability at low-tempera- 
tureAow moisture conditions for only 4 months to 2.5 years. There¬ 
fore, tissue storage is very interesting for germplasm conservation. 
Kartha et al. (1981) investigated this problem using the cultivars Cat- 
urra Rojo and Catuai. Seedling meristem tips were grown on MS medi¬ 
um supplemented with B5 vitamins. The addition of 0.44-4.4 (iM BA or 
0.46-4.6 iiM ZEA led to single shoot formation, while the addition of 
22.0-44.0 (iM BA or ZEA caused multiple shoot formation. Root forma¬ 
tion occurred at half concentration of MS without sugar after 6-8 
weeks for 90-100% of the shoots. The shoots regenerated from meri- 
stems have been maintained in vitro at 26 C, using a 16 hr photo¬ 
period with 7500 lux intensity for over 2 years as plantlets. During 
this period the regenerated trees are only 3-4 cm high. 


Palmales 

Fhoenix dactylfera L. The possibility of freeze conservation of a 
tropical palm tree, date palm, has been investigated by Finkle et al. 
(1979) and by Ulrich et al. (1979) and is described in Chapter 28. 


Posies 

Lolium sp. L. The callus-drying method has been tested in Lolium 
temulentum L. by Nitzsche (unpublished). Callus was grown on B5 
medium with 11.3 jiM 2,4-D. A pretreatment for 16 days with the 
same medium using 0.06, 0.15, and 0.35 M sucrose and 0, 0.37, 3.8 and 
37.8 (iM ABA was tested. After drying for 7 days the callus was put 
on the original medium. Regrowth was obtained at a rate of 51-96%, 
independent of the media variation, but no plants could be regrown 
from the material. 

Dale (1980) used the slow-growing method for L. multiflortan Lam., 
starting with shoot tip culture. On MS supplement and vrith 0.93 pM 
KIN plantlets were recovered iBrom shoots that were stored at 2-4 C in 
an 8 hr day at 300 lux. After one year the plantlets were transferred 
to 25 C. Die regeneration rate obtained was 67%, 
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Oryza saliva L. The tropical gramineae Oryza saliva L. has been 
examined in freezing experiments. Sala et al. (1979) used the cultivar 
Ronsarolo for the initiation of suspension cultures on the R-2 medium of 
Ohira et al. (1973). Cells treated with DMSO and glycerol were put in 
thermos flasks (Dewar bottles) and these were kept at -70 C for 18 hr. 
The lack of an apparatus for controlled freezing could be overcome by 
this simple method. Thawing was done rapidly. In the tetrazolium 
chloride test the survival was determined as 58* after the 5* DMSO 
pretreatment, and the dry weight increase was the same as of the un¬ 
frozen control. Glycerol and other concentrations of DMSO failed in 
these experiments. 


Zea mays L. Zea mays has also been investigated (Withers, 1978a). 
The stepwise freezing method and dry freezing method have been used, 
the latter with mature and immature zygotic embryos. Hie experi¬ 
ments were successful, but no survival rates are given. 


CONCLUSIONS 

Methods and techniques for ceU and tissue conservation have in¬ 
creased in recent years, and more and more success has been gained. 
An examination of the literature reveals that there are a lot of gaps 
in the available information. It is hoped that we will learn more 
about cryopreservation in the future. 

The knowledge of cooling rate and cryoprotectants offers the possi¬ 
bility to start special systematic investigations with every cultured 
species. It may be expected that these experiments will enjoy great 
success. Our understanding of acclimation and action of hormones is 
even more fr^mented. Many biochemical investigations in basic re¬ 
search may be necessary for planning reasonable further investigations. 
Probably this field wiU offer a lot of useful new possibilities in 
understanding the living material in action and dormancy. The survival 
rate is an important parameter, but it must not be overestimated in its 
value. A 5-10* survival with an immediate start of growth after thaw¬ 
ing may offer better results than an 80* survival with a lag phase of 
several weeks after thawing. The 5* survival of a 1000 cell charge 
offers enough growth potential for regaining the stored genotype. For 
practical purposes the tissue conservation will compete with the stor- 
^e of seeds. These have the advantage of being naturally qualified 
for storage, while the tissues have to be altered in such conditions by 
artificial meinipulations. Therefore, the seeds will have in most eases 
an advantage and should be preferred whenever possible. But in spe¬ 
cial cases, as mentioned in the introduction, tissues and cells can not 
be replaced by seeds, and new possibilities are offered by the methods 
of tissue conservation. 
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CHAPTER 28 

Protocols of Cryopreservation 

B. Finkel and J. Ulrich 


There is an urgent need to preserve crop plants through improved 
methods of vegetative propagation. This is especially so with tropic^ 
crops. Successful agricultural practice requires that many of the tropi¬ 
cal species be reproduced vegetatively. In addition many lines that 
are, or may be, valuable as gene pools for breeding are lost each year 
by neglect or by mass eradication of their habitats for alternative uses. 
Crop cultivars, parental lines, and experimental lines (e.g., mutants) 
often require long-term preservation. Reservation is needed, also, for 
endangered wild species of all types. Improved methods of preservation 
might be extended to include any tropical plant, including those from 
tropical forests. 

The practice of using tissue cultures for the propagation of plant 
lines has proven useful. Tissue culture has several advantages over 
field propagation in the study of plant growth and the preservation of 
genotypes, such as a greatly decreased demand for land and manpower 
and decreased exposure, in axenic culture, to crop-borne diseases and 
pests. But there are also problems with the maintenance of tissue cul¬ 
tures. These include the time commitment of skilled personnel for re¬ 
peated transfers, the danger of contamination during each transfer 
operation which, unfortunately, can cause elimination of a line, and 
most serious of all, selective genetic changes in the culture that take 
place during repeated subeulturing (Sunderland, 1977; Torrey, 

Loss of morphogenic potential, and the other problems associated with 
tissue culturing, would be minimized by our being able to freeze tissues 
of the desired lines in a living condition at very cold temperature 
such as in liquid nitrogen (boiling point, -196 C). Successful cryogenic 
methods for doing this are now being developed. 
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Freezing followed by growth of the cells after thawing is now possi¬ 
ble for a number of plant species, including several which have been 
regenerated into whole plants (Finkle et al., 1980; Kartha et al., 1979; 
Sakai et al., 1978; Withers and Street, 1977). So far, success has been 
attained in viably freezing a variety of tissue types, including callus 
cultures, suspension cultures, growing points, anthers, and pollen. Even 
protoplasts—single, membrane-bound cells whose cell walls have been 
enzymatically removed—can be treated to survive freezing (Siminovitch, 
1979). A great amount of experimentation and several successful 
accomplishments have been reported on the freezing of callus cultures 
to very cold temperatures, e.g., -196 C. At this temperature they can 
be stored without further care, and with little or no change in their 
metabolic or genetic characteristics (Nag and Street, 1973; Ulrich et 
al., 1981) for many months or possibly for hundreds of years (Ashwood- 
Smith and Friedman, 1979). Thus the highly desirable idea of a cell 
repository or bank of many frozen lines of genetically identified plant 
cells is slowly becoming feasible. 

In most cases the freezing of plant tissues has been performed in the 
presence of cryoprotective chemicals such as diraethylsulfoxide (DMSO), 
glycerol, sugars, large molecular weight polymers, or combinations of 
these (Finkle and Ulrich, 1979; Ulrich et al., 1979). These compounds 
protect plant cells from damage by freezing, even at very cold temper¬ 
atures, so that growth can continue after thawing. We do not under¬ 
stand very well how the cryoprotective chemicals prevent freezing 
damage, but we are able to use their stabilizing effect, even if the 
compounds themselves sometimes cause a degree of irreversible damage 
to plant cells. The following protocol makes use of a mixture of com¬ 
pounds whose combination gives a number of species of plant cultures 
excellent cryoprotection at -196 C while minimizing adverse effects 
(Ulrich et al., 1979). 


METHODS 
Plant Material 

Within a species, a number of types of tissue can be used for freez¬ 
ing. Callus tissue, particularly among tropical species, has often re¬ 
sponded to our present method of freezing (Finkle et al., 1980; Tisserat 
et al., 1981; Ulrich et al., 1979). Callus tissue is most resistant to 
freezing damage when at a vigorous, rapidly growing sts^e shortly after 
transplanting (1 or more weeks, depending on the growth rate). When 
selecting experimental tissue, old cells at the top of the callus,^ black¬ 
ened areas, etc., should be avoided. Callus cultures display different 
growth habits, so that various transfer techniques are ^eful for experi¬ 
mental manipulation. Calli grow as large, friable lumps that can be 
cut into small pieces, or they may proliferate as loosely associated 
lumps or grow as sheet-like films on the £^ar surface or as aggregates 
of a watery consistency. With highly hydrated lines (such ^ many rice 
lines) the callus can be scraped together and transferred with a spatula 
or spoon. Alternatively, for some cultures or situations the plant 
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material may be handled better as suspension cultures in flasks or 
tubes and transferred with wide-tipped pipettes. 


Medium and Wash Solutions 

Murashige and Skoog (MS) medium, or whatever medium is suitable to 
the tissue of interest, is used. In our laboratory for culturing rice the 
standard MS components, namely, maeronutrients, micronutrients, and 
organic compounds, are supplemented with 2,4-D (4.5 |iM) and lAA (5.7 
|xM) as auxins, KIN (4.6 mM), L-glutamine (1 mM), and sucrose (0.087 M) 
(Schaeffer and Sharpe, 1981). To prepare solid medium, agar is dis¬ 
solved at 1% concentration in a hot solution of medium before sterili¬ 
zation. 

A simplified sterile wash solution is used on thawed samples to re¬ 
move cryoproteetive chemicals. It contains only the MS macronutrients 
plus 0.087 M sucrose. 


Cryoproteetive Solution 

Many individual chemical substances or combinations of them have 
been used. A particularly successful mixture consists of PGD, a solu¬ 
tion consisting of polyethylene glycol (Carbowax PEG 6000, Union Car¬ 
bide Corp., 10% solution by weight), glucose (0.44 M), and dimethylsul- 
foxide (DMSO, 10%). 


Discussion of Special Equipment 

A sterile, or laminar flow, hood ("clean bench") is used for aseptic 
transfers. 


CONTROLLED TEMPERATURE CULTURE CHAMBER, For suspension 
cultures, one needs shaking equipment to aerate and stir the solutions 
in flasks or tubes. 


TUBES FOR FREEZING THE TISSUE. Sterile heavy-walled Pyrex 
borosilicate glass conical centrifuge tubes, 12 ml, graduated, with 
screw caps or capped with heavy aluminum foil (100 jim thick) or plas¬ 
tic screw-capped freezing vials obtainable in several sizes (A/S Nunc, 
Denmark) are required. The graduations of the glass tubes have the 
advantage that the approximate settled or packed volume of cells can 
be estimated for experimental purposes, while the plastic vials require 
less storage space. 


SUCTION PIPETTE. Sterile drawn-tip (Pasteur) pipettes, about 20 
cm long, with a rubber bulb at the top, are used for adding and with¬ 
drawing solutions while manipulating the callus samples. 
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DISPENSING BOTTLE. This should be autoclavable, for adding small 
portions of sterile solution (e.g., wash solution) to samples. 


FREEZING FACILITY. Freezing may be performed either stepwise 
in baths of different temperatures, e.g., -10, -15, -23, and -30 C, 4 min 
at each temperature (Ulrich et al., 1979) or in a continuous-change 
freezing bath that may be assembled from an immersion cooler and 
other widely available, simple components (Withers and King, 1980), or 
it may be a more elaborate programmed unit (e.g., Cryo-Med, Mt. 
Clemens, Michigan). A temperature curve that approximates a temper¬ 
ature drop of 1-3 C/min, along with a step to nucleate (initiate) ice 
formation in the temperature region -4 to -10 C, gives high recoveries. 

A tank of liquid nitrogen, small accessory liquid nitrogen containers 
(double-waUed Dewar beakers or bottles), and a liquid nitrogen sample- 
storage container are needed to facilitate the processing and storage of 
tissue at -196 C. 


PRETREATMENT OF TISSUE 

Rice callus tissue is used at 1-2 weeks after transfer. In a sterile 
hood, scrape the loose tissue together and transfer an adequate amount 
by spatula to a small, cold petri dish standing on cracked ice. Har¬ 
vest 5 ml or more of cells, depending on the amount needed for the 
experiment or for propagation. For different experimental treatments, 
a minimum convenient amount for handling is about 0.2-0.5 ml volume 
of settled cells per sample. Much larger amounts may be difficult to 
handle or may not respond well to the freezing and thawing program. 
(The cracked ice need not be sterile if used carefully.) Mix the cells 
in the dish gently, divide them into uniform piles, and remove some of 
them to separate dishes if they are to be used for different experimen¬ 
tal pretreatments. 

To each volume of tissue in a cold 6 cm petri dish, add cryoprotec- 
tive solution as follows: At first add about 3 volumes (compared to 
settled cell volume) of 4x diluted PGD at ice temperature and stir 
gently. After 10 min, remove the liquid by suction pipette. Subdivide 
the cells further into separated portions, one for each sample. Trans¬ 
fer the portions into labeled freezing vials chilled in an ice bucket. 
Add 1 ml cold full-strength PGD to each vial. 


The Freezing Operation 

Starting with the samples at ice temperature, place them either at 
-10 C in the bath, or in the programmed freezer. Initiate ice crystal¬ 
lization manually by pressir^ a wedge of dry ice (solid carbon dioxide) 
to the outside of the freezing tube just until crystals of ice begin to 
form inside, or, if using a programmed freezer, set the program to acti¬ 
vate a short-duration drop in temperature (e.g., to -50 C). The transi¬ 
ent large flow of cold nitrogen vapor cools the samples for just enough 
time to initiate ice formation in the solution inside the sample tube 
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PROCEDURE 


CRYOPROTECTIVE ADDITIONS: 

PEG-GLUCOSE-DMSO (P-G-D, 10-8-10% WA/) 
ADDED TO CELLS 


THAWING: 

SWIRL IN -l-40"C BATH 
WASH WITH 3% SUCROSE MEDIUM AT RT. 


FREEZING: 

3°/ MIN, TO -4“C 
SEEDING AT -4“C 
r/MIN. TO -30“C 
THEN INTO LN (-196“C) 


DETERMINING SURVIVAL: 

TRANSFER TO GROWTH MEDIUM 
OR, ADD TRIPHENYLTETRAZOLIUM CHLORIDE (TTC) 
TO DETERMINE VIABILITY INDEX 
(630nm ABSORBANCE) 


Figure 1. Outline of steps for freezing, thawing, and evaluating plant 
cells. (PEG, polyethyleneglycol; DMSO, dimethylsulfoxide; L.N., liquid 
nitrogen; R.T., room temperature.) 

without excessively cooling the callus cells. Following the initiation of 
freezing, continue to cool the tubes, according to the freezing program. 
When the samples reach -30 C, transfer to a Dewar beaker containing 
liquid nitrogen and hold at this temperature (-196 C) until the program 
calls for thawing, either soon or after a period of storage. During the 
course of experimental runs, the program may require the withdrawal 
and thawing of some samples at temperatures above -196 C, e.g., at 
-15 amd -30 C. 


The Thawing Operation 

Attention to several precautionary details is required for the thawing 
operation. Plunge the frozen tips of the sample tubes into warm water 
with a vigorous swirling wrist action just to the point of ice disappear¬ 
ance. Protect the tops to avoid contamination from splashing. When 
using glass tubes a bath at 40-45 C is best; for plastic, 60 C. It is 
important for survival of the tissue that the tubes not be left in the 
very warm bath after the ice melts. Just at the point of thawing, 
quickly transfer the tubes to a water bath at room temperature (R.T., 
20-25 C) and continue the swirling action for 15 sec to cool the warm 
walls of the tubes. Then leave the tubes at R.T. for the short time 
until ready for washing and culture transfers. 


Reculturing 

With tubes containing tissue suspended in 1 ml PGD at E.T. (again in 
a sterile hood) flame-sterilize the tubes and, using a suction pipette or 
calibrated dispensing bottle, add 0.5 ml of sucrose wash solution at 
R.T. (Persidsky et al., 1980) to each tube, in turn, with gentle stirring 



Protocols of Cryopreservation 811 

by rotation (50% dilution). After 10-15 min, remove the liquid by suc¬ 
tion. Again, add 1 ml wash and remove. Using the pipette tip, push 
cells up onto the side of the tube for drainage and later ease of re¬ 
moval. 

IVansfer the callus cells onto agar plates using two spatulas. One of 
the spatulas may be spoon shaped, beaten from stainless steel or alumi¬ 
num sheet metal, to make tissue transfer simpler and so that a level 
measured volume of callus can be transferred with experimental accur¬ 
acy. A deep petri dish (25 mm height) with 50 ml of nutrient agar for 
culturing often gives better growth of callus cultures than the ordinary 
shallow (15 mm) type, especially when several callus samples are trans¬ 
ferred onto each plate. A double layer of stretched Parafilm sheet 
(American Can Co., Greenwich, Conn.) or equivalent gas-permeable film 
can be wound around the petri dish lip to hold the plates together, 
minimize contamination, and diminish the rate of water loss from the 
cultures. Alternatively, with suspension cultures, the washed cells are 
cultured in nutrient medium in tubes or flasks, on a shaker. 


Evaluation of Survival and Recovery 

Although there are colorimetric and other chemical methods by which 
the viability of treated cells can be evaluated (Finkle and Ulrich, 1979; 
Nag and Street, 1973), renewed growth is the ultimate measure of sur¬ 
vival. With callus cultures this can be determined by size, by weight, 
or in some cases, by the number of growing cells or plantlets. With 
cell suspension cultures growth can be determined similarly, measuring 
the packed volume of cells after centrifugation in a volume-graduated 
tube. 

When the experiment is designed to compare the sizes and weights of 
calli formed during a growth period, it is an advantage to have uni¬ 
form-sized callus pieces for all treatments and then to subculture these 
in a uniform, favorable environment. In this way differences in growth 
capability can be easily recognized. For example, four treatments in 
duplicate can be equally spaced in a circle around the dish (eight total 
calli), with one or two untreated control pieces placed at the center 
(Figure 2). See note on the use of deep petri dishes in the previous 
section (above). Sufficient mathematic reliability for statistical analysis 
(e.g., of final harvest weights) can be obtained by inoculating at least 
three petri dishes in this manner. 

Evaluate the changes in size after sufficient growing time has 
elapsed for comparison of the effects of the treatments. Size can be 
judged by eye or by more precise methods. The size attained by cal¬ 
lus pieces may be outlined on the surface of the petri dish or traced 
on paper or photographed, or the callus shapes may be copied with a 
photocopying machine (e.g.. Xerox). Determine the area of each callus. 

Alternatively, the c^us can be removed for weighing. Remove each 
callus quantitatively and asepticaRy if you wish to continue the 
experiment by reimplanting the callus on nutrient agar for further 
growth treatment. The callus can be replaced on the original dish for 
continued growth, or transferred to another dish for different treat- 
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RICE A-4. 


Figure 2. Rice culture dish showing the grouping of callus tissue after 
treatments, and subsequent growth. Treatments: PGD added at 0 C, 
then callus brought to indicated temperature. Tissue treatments we in 
duplicate. Untreated control tissue at center; black circle indicates 
original size of callus implant. Growth period, 3 weeks. 

ment, e.g. to differentiation medium (Ulrich et al., 1979). Weigh the 
calli directly ffrrah weight, recoverable), or dry them in an oven before 
weighing (dry weight, not recoverable). 

The calli can also be observed under a microscope to evaluate their 
cell types and condition. With some types of callus, e.g., with date 
palm meristemoid callus (Tisserat et al., 1981; Ulrich et al., 1982), one 
can count the number of individual plantlets that have survived, by 
direct visual examination (Fig. 3) or after screening at an early growth 
stage. 

Any young plantlets obtained may be transplanted to porous souo 
medium (e.g., vermiculite) and, after a time, to soil, thereby completing 
the tissue culture cycle (Fig. 4). Plantlets obtained after freezing 
treatments can be further examined for their form and groirth habit 
and constituents. Changes in genetic makeup can be determined from 
chromosome squashes and isozyme patterns (Finkle et al., 1980; Ulrich 
et al., 1982), and eventually, progeny characteristics can be evaluated. 
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DATE PALM 


4 Mos growth 



Figure 3. Development of date palm plantlets from callus tissue ex¬ 
posed to different temperatures. Growth period, 4 months. 



Figure 4. Differentiation and proliferation of sugarcane plant from callus 
frozen at -23 C. (a) size of frozen callus piece (on black cap 

at right, arrow; cap diameter, 23 mm) and growth of callus into a soil- 
rooted plant are shown. Thawed callus was first implanted on nutrient 
agar and after 3 months transferred to e^ar medium lackii^ 2,4-D; 
transplanted to soil after 9 months, (b) Plant after 30 months growth. 
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CHAPTER 29 

Protocols of Low-Pressure Storage 

M.R Bridgen and G.L Staby 


Two forms of tissue culture storage have recently been studied as 
alternatives to dry storage (Chapter 27) and cryopreservation (Chapter 
28). These include low-pressure (hypobaric) and low-oxygen storage 
(Bridgen and Staby, 1981), The low-pressure system (LPS) functions by 
decreasing the atmospheric pressure surrounding the tissue cultures, as 
a result decreasing the partial pressure of all gases that are in contact 
with the plant material (Fig. 1). The low-oxygen system (LOS) func¬ 
tions at atmospheric pressure (760 mm Hg) by combining an inert gas, 
such as nitrogen, with oxygen to create the desired partial pressure of 
oxygen (Fig. 1). Experimental results obtained from plant tissue cul¬ 
ture experiments with LPS and LOS are similar regardless of plant part 
or species used (Table 1). 

Table 1. Conclusions Derived from Experiments with Plant Tissue 
Cultures Subjected to Low-Pressure and Low-Oxygen 
Treatments 

1. Partial pressures of oxygen below 50 mm Hg reduce the rate and 
the amount of growth of plants stored in vitro. 

2. Low partial pressures of oxygen cause similar effects in plant tissue 
cultures regardless if obtained by LPS or LOS. 

3. Both organized and unorganized plant tissues are affected by low 
partial pressures of oxygen. 

4. No phenotypic growth differences are observed after the tissue cul¬ 
tures are removed from storage and then grown to maturity in 
vivo. 
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Figure 1. Comparison between normal atmospheric storage, low-pres¬ 
sure storage, and low-oxygen storage. 


LITERATURE REVIEW 

No universal storage method has been found to be suitable for all 
plant material in the tissue-cultured state (Caplin, 1959; Withers, 1978). 
However, short-term storage by low temperatures (4 C) is successful 
with many plants (Mullin and Schlegel, 1976; Seibert and Wetherbee, 
1977; Withers, 1978). Refrigerated storage is already being used for 
the storage of Fragaria spp. meristem plantlets (Mullin and Schlegel, 
1976), but this method has several disadvantages that limit its useful¬ 
ness. The medium still needs periodic replenishment (Mullin and Schle¬ 
gel, 1976); there is possible cell deterioration through dehydration (Ba- 
jaj and Reinert, 1977); selection of plant material may occur (Withers, 
1978); and cultures must be removed from storage before cellular dam¬ 
age occurs (Bannier and Steponkus, 1976; Withers, 1978). 

Low-pressure storage is useful in extending the shelf life of meat, 
poultry, shrimp, fish, vegetables, fruits, cut flowers, potted plants, cut¬ 
tings, and other metabolically active products (Anonymous, 1975). It is 
also successful in controlling physiological and pathological disorders of 
many horticultural crops (Anonymous, 1975; DiUey et al., 1975). Low- 
pressure or hypobaric systems are based on the following principles. 
First, the commodity must be placed in an atmosphere of controlled 
temperatures (Anonymous, 1975). Second, the atmosphere must be at 
reduced pressures so that the partial pressures of each gas within the 
storage and commodity are reduced proportionately to the pressure 
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causing an increase in the gas exchange in the commodity (Lougheed et 
aL, 1976). Tliird, a continuous air exchange is used to flush away any 
toxic vapors released into the storage area and last, high humidity pre¬ 
vents shrinkage, weight loss, and desiccation of the commodity (Anony¬ 
mous, 1975; Gaffney, 1978). 

Previous work has indicated that low pressures may be a potentially 
useful tool in the long-term storage of plant tissue cultures. It was 
first shown that normally short-lived see^ such as onion, celery, and 
cabbage exhibit increased germination after low-pressure storage when 
compared to atmospheric storage (Lougheed et al., 1976). It was then 
demonstrated that tomato plant growth was inhibited at low pressures 
(Rule and Staby, 1981). 

In addition to the potential for loi^-term storage, low pressures also 
have the added advantage of reducing the activity of culture medium 
pathogens in aseptic material (Covey and Wells, 1970). Spore germina¬ 
tion, mycelial growth, and sporulation of Penicillium digitatum, Alter- 
naria alternata, Botrytis cinerea, Diplodia natalensis, and Sclerotinia 
sclerotiorwn are reduced under low pressures (Adair, 1971; Apelbaum 
and Barkai-Golan, 1977). Subatmospheric pressures also have a fungi¬ 
static effect on Pcnicaiium exponsum, Rhizopus nigricans, Aspergillus 
niger, Botrytis cdli, and Alternaria sp. (Wu and Salunkhe, 1972). 

Low-oxygen storage is the combination of different gases to create a 
desired atmosphere at atmospheric pressure. Originally reported for 
the storage of apples and pears under low oxygen and high carbon di¬ 
oxide, it is still being used in commercial operations for the storage of 
various fruit crops (Dewey et al., 1969; Smock, 1979). 

There are several theories as to why low-pressure storage and low- 
oxygen storage delay senescence of horticultural crops. One theory is 
that by decreasing the partial pressure of oxygen in the atmosphere, 
the amount of CO 2 evolved is also reduced (Kessel and Carr, 1972; 
Parkinson et al., 1974; Siegel, 1961), and with the low temperatures, 
respiration is decreased. In addition senescence may also be delayed 
in low-pressure storage because of the continuous flow of air which 
flushes away toxic gases such as ethylene that may accumulate (Gam- 
borg and LaRue, 1971; LaRue and Gamborg, 1971). 

Most growth studies of plants with oxygen have been related to the 
measurements of oxygen uptake of CO 2 release in the light. This has 
allowed the proposal of several theories explaining why low oxygen has 
an effect on plants growing in vivo. Researchers now know that pho¬ 
tosynthesis is increased as O 2 in the atmosphere is reduced (Forrester 
et al., 1965; Hesketh, 1967; Ludwig and Canvin, 1971; Servaites and 
Ogren, 1978; Takabe and Akazawa, 1977) by a direct inhibitory effect 
of O 2 on the RuBP carboxylase of the photosynthetic carbon cycle 
(Challet and Ogren, 1975). It is also possible that photorespiration de¬ 
creases as the partial pressure of oxygen is lowered (Ehleringer and 
Bjorkman, 1977; Forrester et al., 1965; Tregunva et al., 1964). This 
would inhibit CO 2 production and possibly stimulate CO 2 fixation (Tjep- 
kema and Yocum, 1973; Yentur and Leopold, 1976). Hesketh (1967) 
found that both the increase in photosynthesis and the decrease in pho¬ 
torespiration are dependent upon species and temperature. Since O 2 is 
necessary for opening and closing of stomates, as was shown with 



Protocols of Low-Pressure Storage 


819 


wheat and barley (Akita and Moss, 1973), transpiration can also be af¬ 
fected by low partial pressures of oxygen (Regehr et al., 1975). 

The idea that low partial pressures of oxygen may be advantageous 
for the storage of plant tissue cultures arose from Caplin (1959). He 
noticed that liquid petrolatum, commonly known as mineral oil, was 
widely used for the conservation of cultures of various microorganisms. 
The mineral oil was used to reduce the rate of growth and to decrease 
the amount of evaporation from the agar medium. Caplin's experiments 
with carrot tissue cultures demonstrated that the amount of growth 
under oil or nutrient solution is controlled by the supply of oxygen to 
the tissue. 

The only reported experiments examining low partial pressures of 
oxygen with plant tissue cultures have been completed by Bridgen and 
Staby (1981), using low-pressure storage (LPS) and low-oxygen storage 
(LOS). Differentiated cultures of Nicotima tabacum L. Wisconsin 38 
and Chrysanthemum x morifoUum Ramat. Nob HiU and undifferentiated 
cultures of Nicotiana tabacum L. Wisconsin 38 were studied. The 
exact LPS and LOS procedures are described in the next section; how¬ 
ever, the results follow in this section. 

Growth of chrysanthemum shoots was measured by fresh weight gain 
(Table 2), height increases (Fig. 2), and total number of leaves (Table 
2). Plantlet growth was not totally inhibited by any of the treatments 
over the 6 week period; however, there was a difference in the amount 
of growth among treatments. Treatments having a partial pressure of 
oxygen (PO 2 ) of 50 mm Hg or higher were not different from the con¬ 
trols after 6 weeks in storage. Growth of treatments less than 50 mm 
Hg was less than the controls with plantlets grown at a PO 2 of ap¬ 
proximately 8 mm Hg increasing the least over the 6 weeks. Plantlets 
grown under LOS and LPS at corresponding PO 2 had similar growth 
patterns. 


Table 2. Average Fresh Weight Gain and Number of Leaves of 
Chrysanthemums after 6 Weeks in Storage 




AVERAGE FRESH 

AVERAGE NUMBER 

TREATMENT 

WT. GAIN (mg)® 

OF LEAVES" 

Atmospheric 

Pressure (mm Hg) 

PO 2 

(mm Hg) 



760 

152.0 

383.3 

7.58 

760 

54.0 

316.6 

6.56 

300 

60.8 

325.0 

7.50 

760 

28.1 

151.6 

5.78 

150 

30.4 

233.3 

6.64 

760 

8.4 

55.0 

1.73 

70 

8.0 

50.0 

2.29 


®S.E. = 0.01. 
'’S.E. = 1.81. 


Growth of tobacco shoot tips was measured by counting the number 
of leaves and roots and by measurir^ plant height. The visual ratii^ 
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Figure 2. Increase in height of chrysanthemum plants after 6 weeks in 
storage. S.E. = 1.71. 


Table 3. Visual Rating System for Evaluating Tissue Responses 


RATING 

VISUAL DESCRIPTION 

1 

sO.5 cm high, ^6 leaves 

2 

0.5-1.0 cm high, 6-10 leaves 

3 

1.0-3.0 cm high, 10-15 leaves 

4 

^3.0 cm high, a^l5 leaves 

5 

Culture bottle completely filled; could not 
calculate without opening the bottle 


system described in Table 3 was used to express results. Growth 
trends were similar to those observed for the chrysanthemums; as the 
PO 2 was reduced, the rate of growth decreased. Similarly, the lower 
the PO 2 , the greater the reduction in growth (Table 4). Medium desic¬ 
cation was observed in this experiment after 2 weeks only with the 
LPS treatment which was held at 40 mm Hg. This caused the plantlets 
to dehydrate in 50% of the bottles and prevented growth measurements 
of one replication. 

Tobacco caUus growth was evaluated by measuring the increase in 
height, width, and length to estimate volume increase (cm^) from the 
initial 125 mm^ masses (Figs. 3 and 4). The growth curves for the 
callus tissue were similar to differentiated chrysanthemum and tobacco 
tissue; however, differences among treatments were more evident. 
Growth decreased as the PO 2 was lowered, and there was no difference 
between LPS and LOS at similar PO 2 . 
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Table 4. Visual Rating of Tobacco Shoots after 6 Weeks in Storage 


TREATMENT 


Atmospheric Pressure (mm Hg) PO 2 (mm Hg) Rating 


760 

152.0 

3.46 

760 

48.6 

2.97 

300 

60.8 

2.93 

760 

26.6 

2.34 

150 

30.4 

1.92 

760 

9.1 

1.74 

40 

8.0 

1.29‘ 



S.E. = 0.83 


Walue represents data from only 1 replication. 



Figure 3. Tobacco callus volume increase after low-oxygen storage for 
2, 4, and 6 weeks. 

One-third of the chrysanthemum and tobacco plantlets were grown to 
flowering following each 6 week experiment. To do this plantlets were 
first transferred onto MS medium supplemented with 1.1 iiM lAA and 
0.93 (iM KIN. Then after 4 weeks these plantlets were potted up in a 
Metro Mix 200 soil formula and placed in the greenhouse under misting 
and long days. After 2 weeks plants were grown under standard 
greenhouse conditions. Little difference was noticed between the 
treatments flowering, growth habits, and final heights (Tables 5 and 6). 
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Figure 4. Tobacco callus volume increase after low-pressure storage 
for 2, 4, and 6 weeks. S.E. = 2.55. 


Table 5. Average Height, after 40 Days in the Greenhouse, of Chrys¬ 
anthemum Plants Which Were Previously Stored for 6 Weeks 
Under Low Oxygen and Low Pressure Conditions 


TREATMENT 

Atmospheric Pressure (mm Hg) PO 2 (mm Hg) 

Height (cm) 

760 


152.0 

32.7 

760 


54.0 

27.0 

300 


60.8 

35.2 

760 


28.1 

32.4 

150 


30.4 

29.7 

760 


8.4 

32.3 

70 


8.0 

27.7 

S.E. = 2.96^ 


^S.E. = Standard error. 


PROTOCOLS 

In Bridgen and Staby’s experiments (1981), the plant material was 
prepared in the following manner. Chrysanthemum plants were grown 
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Table 6. Average Height, after 150 Days in the Greenhouse, of 

Tobacco Plants Which Were Previously Stored for 6 Weeks 
Under Low Oxygen and Low Pressure Conditions 


TREATMENT 

Atmospheric Pressure (mm Hg) PO 2 (mm Hg) Height (cm) 


760 

152.0 

49-25 

760 

48.6 

47.75 

300 

60.8 

50.00 

760 

26.6 

44.50 

150 

30.4 

40.30 

760 

9.1 

52.75 

40 

8.0 

48.00 



S.E. = 4.04 


^S.E. = Standard error. 

under greenhouse conditions with 16 hr days, and pinched when they 
reached a height of 15.0 cm. Lateral bud breaks were then removed, 
soaked in 1.05S6 sodium hypochlorite for 15 min, rinsed in 50% ethanol 
for 1 min, and then allowed to remain in 0.26% sodium hypochlorite 
until ready to culture. These lateral, vegetative buds were placed in 
vitro and used as stock plants. Each experiment commenced with 5.0 
mm shoot tips removed from the stock plants. Tobacco stock cultures 
were obtained from existing cultures. 

All cultures were grown in 30 ml French square glass bottles on a 
modified MS medium supplemented with 0.11 jiM lAA and 0.93 (iM KIN 
for chrysanthemum sections, 1.1 (iM lAA and 0.93 iiM KIN for tobacco 
shoots, and 4.5 jiM 2,4-D and 100 ml/1 CW for tobacco callus. Culture 
medium was sterilized using a steam pressure autoclave at 121 C for 
12-15 min. Immediately before each experiment, each bottle cap was 
completely unscrewed and set on top of the bottles to allow adequate 
moisture exchange. 

All experiments were performed in a randomized block design, with 
each treatment being replicated twice and with 16 bottles of plantlets 
per treatment. The plant material in each experiment was grown at 
uniform conditions under 26-28 C with 16 hr daylengths and 2.0-2.2 
kilolux light intensity supplied by cool-white fluorescent lights. Each 
treatment was maintained in a 10 liter desiccator which was placed in¬ 
side a clear polyethylene bag. The desiccators were scrubbed in 1.05% 
sodium hypochlorite before the onset of each experiment. 

AU low-pressure systems were run from a Precision Scientific Model 
75 vacuum pump which pulled the air through potassium permanganate 
filters to remove various hydrocarbons including ethylene (Scott et al., 
1970), then throi^h Matheson Model 49 pressure regulators to air flow 
meters and a water bath, before reachii^ the desiccators (Fig. 5a). A 
relative humidity of 94-96% was maintained by passii^ the atmospheres 
through the water bath which consisted of 1 liter side-arm Erlenmeyer 
flasks fined with 850 ml of distiHed water. The temperature of this 
water was raised 3 C above room temperature to aHow maximum humi- 
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Fi^re 5. Schematic of low pressure (a), controlled atmosphere (b), and 
atmospheric pressure systems (c). 

dity in the chamber (Gaffney, 1978). The gas flow rates of all treat¬ 
ments were monitored daily along with the pressures of each LPS 
treatment which were estimated with a mercury manometer. 

Controlled atmosphere systems were comprised of various combina¬ 
tions of oxygen and nitrogen, which were humidified to 60-72^ by bub¬ 
bling the gases through a tank of water (Fig. 5b). Gas concentrations 
were obtained by maintaining constant pressures of each gas and by 
usir^ glass tube orifices of different sizes to control the percent^e of 
each gas that was entering the system. Gas composition of the atmos¬ 
phere was measured on a Packer thermal conductivity gas chromato¬ 
graph at an oven temperature of 100 C and an injector and detector 
temperature of 170 C. A3 mm x 90 cm stainless steel column^ was 
packed with a 5 A 60/80 mesh molecular sieve for O 2 and N 2 . Initid- 
ly, each experiment had 3 ml gas samples evacuated for daily analysis; 
however, after an atmosphere was established, samples were tested 
weekly. 

Controls were set up at atmospheric pressures and atmospheric oxy¬ 
gen concentrations at a relative humidity of approximately 94-96^ 
created by the same system as described for the low pressur^. All 
air was pulled through a potassium permanganate filter and air flows 
were maintained by a Universal 1.3 amp air pump (Fig. 5c). 

Contamination in each experiment was never greater than lOSS rfter 
the 6 week period. This was due in part to the low-oxygen environ¬ 
ments, but also due to the fairly aseptic conditions that were main¬ 
tained. 
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FUTURE PROSPECTS 

Although the tissue culture research with LPS and LOS has been 
very successful to date, several aspects of the procedures should be 
examined before commercial applications can be made. Of major con¬ 
cern, particularly if these techniques were to be used for plant germ- 
plasm preservation, is the examination of long-term effects of low par¬ 
tial pressures of oxygen on the plants. If these low PO 2 cause subtle 
genotypic variations in the cultures, these systems may not be feasible. 

An aspect of the LPS system that should be examined is the medium 
desiccation at low pressures. This was exhibited in the tobacco shoot 
tip experiments and somewhat in experiments with tomato root tips 
grown in liquid medium (Bridgen, 1979). Medium desiccation for germ- 
plasm preservation would limit the storage time of cultures and could 
possibly be controlled by elevating the relative humidity within the 
growth chamber or by decreasing the number of air exchanges per 
hour. 

Another aspect of LPS and LOS storage systems to be examined 
would be the effects of C3 and C4 plants under the various PO 2 . 
There may be additional advantages to storing C4 plants under the 
low-oxygen conditions over C4 plants. 

Comparisons should be made between the LPS and LOS systems to 
determine which one is the easiest to use and the most economical. 
The LOS system may be relatively costly on a large scale, whereas an 
efficient vacuum pump in the LPS system would be less expensive. 
Once set up, the LPS should be relatively easy to run and monitor. 

These experiments and the theories backing them demonstrate that 
partial pressures of oxygen below 50 mm Hg reduce the amount of both 
organized and unorganized plant tissue growth. This can be accomp¬ 
lished by using either LPS or LOS and does not create phenotypic 
growth differences. With these facts in mind, it appears that these 
techniques may be feasible to use in the future for plant tissue culture 
germplasm banks. 
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CHAPTER 30 

Nitrogen Rxation 

A.P. Ruschel and RB. Vose 


The genetic information for nitrogen (N 2 ) fixing ability is found in 
prokaryotes, and one of the most important tasks is to try to transfer 
this character to eukaryotes. However, this possibility is far from be¬ 
ing achieved, and at present we have to use symbiotic and associative 
N 2 -fixation systems (diazotrophic biocoenoses) already existing in na¬ 
ture. Cell culture can be used to support N 2 -fixing microorganisms 
and aid in understanding the effect of the macrosymbiont on Nz-fixa- 
tion. Conditions under which a microsymbiont can express Nz-fixing 
ability in vitro have been established. 

Although Raggio et al. (1957, 1959) used cultures of excised pea 
roots for nodulation studies 25 years ago, there was no immediate 
follow-up or trend set by this work. The reason is obvious: the idea 
was ahead of both plant tissue culture methodology and our knowledge 
of nitrogen-fixing mechanisms. Moreover, development of plant tissue 
culture in relation to nitrogen fixation has been comparatively slow 
because, as Giles and Vasil (1980) have pointed out, workers have had 
rather diverse aims, and there has been little concentration on either 
material or objectives. Additionally, the fact that plant regeneration 
from legume eaUus has proven very troublesome has blocked various in 
vitro plant selection procedures that might otherwise be possible. 

The demonstration of nitrogen fixation by free-living Rhizobia ap¬ 
peared after studies of nitrogen fixation in tissue culture. Historically, 
it was believed that Rhizobia have to interact with the legume to 
perform Nz-fixation through symbiosis. Active Rhizobia outside nodules 
were not known until Holsten et al. (1971) provided evidence for the 
establishment of Rhizobium japonicum on cell suspensions of soybean 
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roots with structure similar to infection channels in 1-10% of cells with 
intracellular microorganisms. The paper caused excitement in the 
scientific community, since active Khizobia were obtained in absence of 
nodules, leghemoglobin, and bacteroids, which were apparently neces¬ 
sary in intact plants. In other laboratories development of N 2 ase 
(nitrogenase) in soybean caUus-Nhi^obium system growing in solid media 
(Phillips, 1974a; Child and LaRue, 1974) was observed concomitantly. 

This chapter attempts to highlight the important developments and 
possibilities in relation to plant tissue culture. 


BACKGROUND OF N 2 -FIXING SYSTEMS 

The N 2 -fixing process in different systems is similar and is dependent 
on nitrogenase enzyme energy supply (ATP), anaerobic conditions, and 
strong reductant (Haaker et al., 1980). Photoautotrophs use light ener¬ 
gy and are able to fix CO 2 as well as N 2 (Gallon, 1980). Hetero- 
trophs use carbohydrates as a source of energy and as electron donor. 

Nitrogenase is a key enzyme in the nitrogen cycle and catalyses the 
ATP-dependent 6 electron reduction of dinitrogen (N 2 ) into ammonia. 
Physicochemical properties of nitrogenase isolated from different micro¬ 
organisms are very similar (Eady and Smith, 1979), with a catalyst di- 
nitrogenase (formerly nitrogenase component I or MoFe protein), and 
another protein-dinitrogenase reductase (formerly N 2 ase component II 
or Fe-protein) (Haaker et al., 1980), 

Nitrogenase reduces N 2 and H+ (Schrauser, 1977) at the same time 
using 75% of energy in N 2 -reduetion and 25% in H+-reduetion. Nz-fixa- 
tion is a biological process with high energy requirement and therefore 
energy losses, should be minimized to enhance its efficiency. Results 
indicate that hydrogen evolution, via nitrogenase, is the major factor 
affecting efficiency of Nz-fixation. However, there are microorganisms 
that through hydrogenase can recycle part of the hydrogen evolved 
through nitrogenase, providing an ATP generating Hz uptake process 
(Hup+) (Dixon, 1972, 1978). Another hydrogenase type, called revers¬ 
ible hydrogenase, was described in Clostridium pasteuricmum. This 
hydrogenase could recycle and dispose of excess reducing power in this 
fermentative bacteria (Gray and Gest, 1965). Production of Hz by nod¬ 
ules of soybean was observed by Hoch et al. (1957). 

One of the most important points to be elucidated is the means of 
protecting nitrogenase against oxygen damage in vivo (Yates, 1977), 
since the growth and Nzase activity of Nz-fixing obligate aerobes is 
inhibited by excess oxygen. TTie mechanisms that microorganisms use 
to control access of oxygen are respiratory protection, morphological 
change, association with other biological macromolecules, and possession 
of superoxide dismutase, catalase, and peroxidase. 

Specific points can be considered for the overall improvement of 
nitrogen fixation efficiency; (1) microorganisms with highly efficient Nz 
utilization and low Hz evolution; (2) microorganisms that can recycle 
the Hz evolved; (3) plants with highly efficient nitrogen utUization of 
N from biological nitrogen fixation, especially in the production of seed 
protein; (4) Nz-fixing systems tolerant to mineral N, especially NHf, as 
fertilizers; (5) plants with improved carbohydrate production. 
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Nj-FIXATION AND TISSUE CULTURE 

The nature and factors that affect symbiotic associations, especially 
Rhizobium-Leguminoseae interactions, were better understood after 
studies of tissue culture inoculated with this bacteria were started by 
Veliky and LaRue (1967). In their experiments the stimulation of plant 
cell differentiation and lignification were apparent; however, there was 
no proof of intracellular bacterial nodule-like tissue. 

An attempt to establish a symbiotic association with plant cell and 
Rhizobium in vitro showing active nitrogenase was made by Holsten et 
al. (1971), using root cells obtained from surface-sterilized seed grown 
in specific media, forming undifferentiated cells (callus) inoculated with 
two strains of R. iaponicum. Examination by the light microscope 
showed structures resembling the infection threads, with Rbizobia as 
well as bacteria inside intracellular spaces within the cell mass and 
which multiplied inside cells. Active Rhizobia were assayed by acetyl¬ 
ene reduction, in light or in the dark and was found to be more active 
in the dark. 

Rhizobium is primarily known to produce effective nodules in Legumi- 
noseae, but a nonlegume, Trema aspera fam. Ulriaceae has been repor¬ 
ted to produce active nodules with that bacteria (Trinick, 1973). He 
concluded that genetic information as well as conditions for nodule for¬ 
mation or N 2 -fixing ability are independent of the host plant. 

Table 1 summarizes the evidence for and factors affecting nitrogen 
fixation in tissue culture. Based on research using soybean callus, it is 
clear that variety and strain affect Nz-fixation. Child and LaRue 
(1974) tested five different culture media in order to observe nitrogen¬ 
ase activity and obtained positive results using Garaborg's medium with 
lower inorganic nitrogen, indicating that low levels of mineral N might 
improve the symbiotic process. Testing the soybean varieties Acme, 
Mandarin, and Norman, they observed that Acme callus showed higher 
Nzase activity than the others, with Mandarin showing the lowest acti¬ 
vity. Differences were observed between strains, indicating a variety x 
bacteria relationship. The nitrate:ammonium ratio showed that less 
ammonium must be used to increase bacterial activity. 

Morphological evidence of callus/Rhizobium symbiosis was found by 
Holsten et al. (1971) and Reporter et al. (1975). The Holsten group 
noted structures similar to infection threads in initial stages of infected 
roots. These pseudo-infection threads cross the intracellular spaces 
into cells where the Rhizobium multiplies. Reporter et al. (1976) no¬ 
ticed bacteria only in certain cells that did not differ morphologically 
from the others in tissue culture. However, entry of bacteria into 
cells was done at specific sites of initial bacterial mass formation. 
Bacteria were oriented normally to the curvature of the plant cell. 
The plant cell selected the bacteria to host. Electron microscope ex¬ 
amination showed that bacteria are trapped by the extracellular fila" 
ments, and they clump the bacteria by invagination and differentiation 
for symbiosis. 

Light has been found to be a factor affecting Nz-fixation by tissue 
culture, as reported by Holsten et al. (1971) who noticed that incuba¬ 
tion in the dark increased bacterial activity when compared with incu¬ 
bation in the light. 
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Table 1. Factors Affecting Nitrogen Fixation in Soybean, Glycine max, 
Tissue Culture as Measured by Acetylene Reduction 


C2H2/g FRESH 
WEIGHT-24 HR 

(nmol) REFERENCE 


EFFECT OF LIGHT 


Soybean callus + 

Light 

72.8 

Holsten et al.. 

Rhizobium strain 

Dark 

318.6 

1971 

61A76 




EFFECT OF PLANT VARIETY 



var. Acme 

Exp. 1 

274.6 

Child & LaRue, 


Exp. 2 

87.3 

1974 

var. Mandarin 

Exp. 1 

3.8 

Child & LaRue, 


Exp. 2 

2.5 

1974 

var. Norman 

Exp. 1 

5.0 

Child & LaRue, 


Exp. 2 

20.7 

1974 

EFFECT OF STRAIN 




var. Mandarin 

83^ USA 

10.2 

Child & LaRue, 


10324 

8.4 

1974 


(ATCP) 




61A76 

3.3 



(Nitragin) 



COMPATIBILITY OF 

STRAIN N03;NH4 

(mgA) 


Effect of NH 4 X 

1000:150 

3.9 

Reporter et al. 

NO 3 

1000:50 

16.6 

1975 


MORPHOLOGICAL EVIDENCE Holsten et al., 1971; 

Reporter et al., 
1975 


Induction of Rhizobium Nitrogenase in Tissue Culture 

An in vitro experiment to study the effect of soybean meal and 
whether any effect observed could be due to host plant cells or Bhizo- 
hia was carried out by Anderson and Phillips (1976). They observed 
that the soybean extract had a direct effect on the bacteria by obser¬ 
ving increased N 2 ase activity in Rhizobium-soybean associations sup¬ 
plied with aqueous extracts of hexane obtained from soybean meal. 
They observed that it was not necessary for the extract to be a pr(^ 
tein in structure and that soybean meal is the active agent or is 
transformed into a promoting compound. 

Succinates promote N 2 ase activity of the Rhizobium-soybean cell 
association (Phillips, 1974a,b; Anderson and Phillips, 1976). These auth¬ 
ors observed that when succinate affected N 2 ase actiTfity, it was due 
to the effect on the plant cell, since succinate does not affect the 
activity of free-living Rhizobia. 
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As mentioned before, Rhizobia incubated together with plant cells 
showed activity even in the absence of any kind of structure; however, 
the techniques used did not make it possible to independently study the 
steps involved in N 2 -fixation. Reporter and Hermina (1975) described 
bacterial activity in transfilter suspension cultures of R. japonicum. 

Actively nodulating strains of R. japonicum were found (Reporter, 
1976) to exhibit acetylene reduction in vitro under conditions termed 
synergistic, because the plant eeU activated nitrogenase activity of 
Rhizobium that could not be activated when grown in agar. Using a 
transfilter apparatus and studying the effect of substrate concentration 
it was possible to observe that high O 2 level (22%), when produced in 
various substrates, i.e., pyruvate (py), glucose (gl), a-hetoglutarate 
(o-hg), and succinate (succ), increased acetylene reduction. Pyruvate 
results were higher than the others. However, a-hg and succ affected 
Njase activity only after 40 hr incubation. If carbon monoxide was 
used as an inhibitor, a-hg and succ showed high activity, and py and gl 
increased Naase activity after 70 hr incubation, indicating that oxygen 
inactivates unprotected nitrogenase and CO inhibits N 2 ase activity. 
When Rhizobium was reisolated from the culture in the transfilter appa¬ 
ratus, it was surrounded by a pellicule presumably obtained from plant 
cells. 

Reporter (1976) was able to demonstrate with the transfilter apparat¬ 
us that activation of Rhizobia showing N 2 ase activity was related to: 
(1) Rhizobia activity in nodulated plants; (2) plants that affect activa¬ 
tion are those that nodulate; (3) invasion can happen directly; and (4) 
activity of activated bacteria is simUar to that of bacteroids. 

Viable cells from root hairs maintained in tissue culture (Hermina and 
Reporter, 1977) showed (1) C 2 H 2 reduction needs more O 2 than cells 
grown in transfiiter apparatus, or free-living Rhizobia} (2) washed prep¬ 
arations reduced acetylene; (3) tissue cultures of root hairs have lectin; 
and (4) there were differences between plant varieties in root hair eeU 
differentiation (Acme greater than Harosoy). 

The first paper showing factors affecting electron transfer from bac¬ 
teria to nitrogenase of soybean nodules was that of Phillips et al. 
(1973). It is known that the leghemoglobin in nodules acts as an 
equilibrator of oxygen level which permits the process of anaerobic fix¬ 
ation of N 2 . Therefore, the role of proteins is very important both in 
controlling biological nitrogen fixation and as electron carriers. Grow¬ 
ing R. japonicum in culture media (KNO 3 under anaerobiosis), PhUlips 
and co-workers observed proteins that could transfer electrons to nitro¬ 
genase, similar to those later found by Phillips (1974a). This indicated 
increased nitrogenase activity from adding the protein precursors suc¬ 
cinic acid and glutamine. 

Difficulties in observing nitrogenase activity of fast-growing Rhizo¬ 
bium were overcome by using rhizobial strains under free-living condi¬ 
tions with a plant ceU conditioned medium, produced by coculture of 
legume eeU cultures and Rhizobia (Mohapatra et al., 1980). They found 
a reproducible technique, using elover-ceU conditioned media, for asses¬ 
sing the activity of slow- and fast-growing bacteria and mutants. 
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N 2 -Fixation by Free-Living Rhizobia 

The first report of N 2 -fixation by Rhizobium without contact with 
plant cells was made by Reporter and Hermina (1975). N 2 -fixation was 
obtained in transfilter suspension culture using a defined medium to 
observe the effect of strain and carbon source. The soybean variety 
Harosoy was the donor of a factor that could affect N 2 -fixation (C 2 H 2 
reduction). When inoculated with the same strain and ammended with 
glucose, the culture showed different levels of N 2 ase activity. With 
the var. Acme, the same strain and different substrates showed particu¬ 
larly high activity in the presence of beta-hydroxybutyrate. However, 
as Klebsiella was added to the media, there arose some doubt as to 
whether N 2 -fixation was solely due to Rhizobiwn, since reduction of 
acetylene was noted only after the oxygen concentration was reduced 
below 1*. 

The observation that diffusible factors from plants are responsible for 
expression of nitrogenase activity (Child, 1975; Scowcroft and Gibson, 
1975) induced research toward finding active Rhizobium in culture 
media. The search for knowledge of which factors could affect N 2 -fix- 
ation by free-living Rhizobium resulted in near simultaneous publication 
of three papers on the subject. 

Pagan et al. (1975) found that only 15 of 27 strains (from Rhizobium 
sp.—cowpea group; R. japonicum; R. lupin; R, meliloti; R. trifolii and R. 
leguminosarum) were activated, and those were from just Rhizobium sp. 
and R. Japonicum. They also observed that arabinose increased activity 
in media with normal salts plus glutamine, inositol, and succinate. 

Kurz and LaRue (1975) observed that addition of extracts of carrots 
and rice permitted expression of N 2 ase activity by R. cowpea. Study¬ 
ing carbohydrates, they observed that xylose, arabinose, and galactose 
also stimulated N 2 ase activity when Rhizobia were grown with carrot 
cells. However, using each of these plus saccharose, activity was 
found in the absence of plant cells but only with strains that produced 
slime, indicating that protection from oxygen was required. 

Working with one of four strains of Rhizobium that were able to 
show N 2 ase activity in the presence of plant callus and growing it in 
specific media, McComb et al. (1975) observed that addition of (gluta¬ 
mic acid + succinic acid) and (asparagine + succinic acid) increased 
acetylene reduction. According to their conclusions, genes for nitro¬ 
genase are present in bacteria, although this invalidates the theory of 
Dilworth and Parker (1969) that plant DNA contributes to part of the 
N 2 ase in legume nodules. 

It appears that factors affecting free-living fixation could be carbo¬ 
hydrate (5-carbon enhancing activity), strain (not all straira expressed 
activity), fixed nitrogen (ammonium and nitrate), and organie-C (amine- 
C). Keister (1975) observed that free-living Rhizobia require low cell 
density to ensure activity, that removal of O 2 was important, and that 
NO3 could not be used as the terminal electron acceptor. There was 
also an effect of strain and source of eombined-N. However, with sta¬ 
tionary cultures 2095 O 2 was required for reduction of C 2 H 2 , while 10 
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M NH 4 CI inhibited activity. Other inhibitors were CO, nitriles, cyan- 
ite, and nitrate. Shaken cultures that had O 2 concentration above ISK 
showed an inhibitory effect (Evans and Keister, 1976). 

Tjepkema and Evans (1975) observed fixation under microaerophilic 
conditions with a rate of fixation similar to soybean nodules. However, 
Criswell et al. (1976) observing the effect of altered pOa on the rhizo- 
sphere of intact soybean nodules, concluded that the system is able to 
adapt to a wide range of external pOa through an undefined mechan¬ 
ism. Gibson et al. (1976a) observed that a pOa concentration of 0.20- 
0.25 in the medium was necessary for good nitrogenase activity of Rhi- 
zobium sp., but as bacteria were grown in solid media, the possibility 
of internal protection against oxygen is not excluded. Work on factors 
affecting free-living Na-fixation of Rhizobium is summarized in Table 2. 


Table 2. Factors that Affect Free-Living Na-Fixation by Rhizobium 


FACTORS 

BACTERIA 

REFERENCE 


Oxygen tension 

Rhizobium sp. 

Gibson et al., 

1976 

Incubation time 

Rhizobium sp. 

Gibson et al.. 

1976 

Temperature incubation 

Rhizobium sp. 

Gibson et al., 

1976 

N concentration 

Rhizobium sp. 

Gibson et al., 

1976 

C source 

Rhizobium sp. 

Gibson et al., 

1976 


Rhizobium sp. 

Pagan et al.. 

1975 

O 2 concentration 

Rhizobium sp. 

Tjepkema & Evans, 1975 


Rhizobium sp. 

Evans & Keister, 1976 

Rhizobium species 

Several 

Pagan et al.. 

1975 

Rhizobia strain 

Rhizobium sp. 

McComb et ai 

.., 1975 

Inhibitor of Naase 

Rhizobium sp. 

Keister, 1975 



Regulation of Na-Fixation in Rhizobium sp. 

The ability to culture nitrogen-fixing bacteria without the presence 
of plant cells has given us additional insight into the regulation of Na- 
fixation. A good early summary of regulation of Na-fixation in bacteria 
was made by Tubb (1976). 

Studying the regulation of Naase activity in Klebsiella, Tubb and 
Postgate (1973) observed that synthesis of Nastse is repressed by excess 
free ammonium, as was later found for other bacteria (Tubb, 1976). 
Shanmugam and Valentine (1975a) obtained mutants of Klebsiella dere- 
pressed for nitrogenase synthesis growing in the presence of ammonium. 
Such strains have derepressed levels of glutamine synthetase and lack 
glutamate dehydrogenase activity. These mutants retain only 30% of 
Naase activity, but if mutants are obtained without pathways of NH 4 
assimilation, such as glutamate or glutamine-requiring and without glu¬ 
tamate synthetase activity, then they have 100% Naase activity in the 
presence of NHif, and NH^" excretion is obtained in Azotobacter and 
cyanobacteria when methionine sulphoxamine is used as an inhibitor of 
glutamine synthetase. 
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There is evidence that bacteroids do not assimilate NHa" via gluta¬ 
mine synthetase as Rhizobia cultures do. Very low synthetase is found 
in bacteroids during nodule development, but a high concentration is 
found in plant nodule supernatant fractions (Tubb, 1976). This observa¬ 
tion suggests that the baeteroid is not the site of NH* assimilation. 
Tubb et al. (1976) noticed that nitrogenase activity in cultures of Rhi- 
zobium grown in defined media with NH 4 * was only 14-36* of glutamate 
grown cultures. The excreted NH 4 * from bacteroids is suteequently 
assimilated via plant enzymes, and glutamate may play a key role in 
promoting NH 4 * excretion (Tubb, 1976). However, Scowcroft et al. 
(1976) observed that although N 2 ase activity was rapidly inhibited by 
NH^, it was reactivated with increasing O 2 -tension. Ammonium may 
increase O 2 consumption and lower tension (and hence ATP supply) or 
may stimulate N-assimilation and protein synthesis thereby decreasing 
ATP. Scowcroft et al. (1976) concluded that NH 4 * inhibition of nitro¬ 
genase activity is not affected through glutamine synthetase regulation 
of nitrogenase synthesis. On the other hand, Ranga Rao (1977) ob¬ 
served that the activity of Bhizobium was dependent on glutamine in 
the media, while glutamine plus asparagine increased activity. 

Appropriate nutritional conditions are needed for N 2 ase synthesis by 
Bhizobium in culture media (Pankhurst, 1981). Some strains can show 
N 2 ase activity, and others do not. Pankhurst also noted that the slow- 
growing Bhizobium strains 32HI and CB627 showed activity but not 
CB744, with CB627 having more specific requirements than 32HI, main¬ 
ly because of N source. Otherwise, no differences were observed in 
requirements for vitamins and trace elements. Nucleotide AMP (adeno¬ 
sine 3'5'-cyclic monophosphate) accelerated derepression of N 2 ase syn¬ 
thesis of both strains that showed activity. 

Appleby et al. (1981) observed that continuous culture retains cyto¬ 
chrome 0 and aa 3 (which are terminal oxidases functioning at moderate 
to high concentration of dissolved oxygen) in the absence of leghemo- 
globin, and consider these oxidases as a useful marker technique for 
selection of strains tolerant to functioning in the absence of leghemo- 
globin. 

By using an inhibitor of bacterial RNA polymerase and a DNA inter¬ 
calating agent (Pankhurst et al., 1981), it was possible to verify that 
those products repress N 2 ase synthesis and a few other proteins, and 
there are suggestions that to show N 2 ase acitivity, Bhizobium may be 
dependent on a structurally distinctive or modified RNA polymerase. 


Tissue Culture of Legumes for Na-Fixation 


As already noted, although pea roots and soybean eaUus were cul¬ 
tured in vitro fairly easily, the problems involved in plant regeneration 
from legume callus have held up many potential studies relating to 


nitrogen fixation. , 

Some progress is now being made. Bajaj and Dhanju (1979)^ have 
been able to regenerate plants from apical meristems of varieties of 
Cicer arietinum, Lens esculentum, Pisum sativum, Phaseolus aureus, and 
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Phaseolus mango. Martin et al. (1979) have rooted meristem cultures 
and callus culture of field bean, Vida faba. Working with alfalfa, Med- 
icago sativa, Walker et aL (1979) have been able to regenerate plants 
from callus tissue. It appears therefore that there is something of a 
breakthrough in legume tissue culture. 

As more legumes can be regenerated a number of plant culture possi¬ 
bilities exist; for example, the use of haploid (Sharp et al,, 1983) and 
protoplast (Cailloux, 1983) techniques in breeding and selection. Plant 
breeding is now clearly inseparable from the quest for improved Na-fix- 
ation, whether in legumes or nonlegumes, althoi^h as Rennie (1981) has 
pointed out, most work aimed at improving Nj-^ixation has concentra¬ 
ted on nitrogenase synthesis and expression (nif) controlled in the bac¬ 
terium in response to the plant, and very little work, i.e., plant breed¬ 
ing, has been carried out for the Na-fixation supportive traits (nis). 

In many legumes it is now apparent that in some eases there is a 
notable plant genotype x Rhizobium reaction, and consequently there is 
no best universal strain but that optimum results are obtained when 
legume variety and Rhizobium strain are uniquely matched, e.g., in field 
bean, Vida faba (Mytton et al., 1977), cowpea, Vigna unguicidata (Min- 
chin et al., 1978), and white clover. Trifolium repens (Jones and Har- 
darson, 1979; Jones and Morley, 1981), 

Coevolution of host and rhibosoraal genotypes in soybean has been 
suggested by Devine and Breithaupt (1980), based on a study of 851 
genotypes. They found that RJ 4 was common in 31* of the lines (those 
originating from south-east Asia), while Rjz was noted in only 2* of 
the lines (Those originating from China and Japan). Presuming coevolu¬ 
tion of host and rhizobial genotypes to be a general phenomenon, this 
suggests that coculture of Rhizobium and legume tissue in vitro could 
lead to the development, through mutation and selection, of mutually 
compatible types. ITiis offers the possibility of achieving through rela¬ 
tively few subculture and selection routines in vitro what might other¬ 
wise take generations in the field. 

SimEarly, there are a number of practical requirements for improvii^ 
legume culture and Nz-fixation in modern agriculture that might also 
be approached through coculture in vitro of Rhizobium and host plant. 
These include; (1) tolerance to mineral nitrogen given as fertilizer 
because mineral-N, especially NH 4 , tends to inhibit Nz-fixation; (2) tol¬ 
erance to high levels of available Al and Mn, such as are found in acid 
soils; (3) tolerance to seed-applied pesticides, which inevitably come 
into contact with seed-applied Rhizobium inoculum; (4) tolerance and 
adaptation to more selective herbicides. 

General experience, from whole plant studies, from selection of mut¬ 
ant plant cell lines in vitro, and from selection work on mutant strains 
of I^izobia tolerant to various factors, suggests that in principle such 
eoselection is possible. Hitherto, such work has been carried out with 
plant culture (i.e., whole-plant) and Rhizobium cultures independently, 
but eoculture of plant host cells and Rhizobium could ensure optimum 
compatibility of bacteria and host genotypes. The development of such 
procedures clearly depends on the routine regeneration of whole plants 
from cell cultures. 
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Tissue Culture of Nonleguraes for N 2 -Fixation 

In the last few years there has been growing recognition that N 2 - 
fixation by nonlegumes is widespread, in addition to the long-recognized 
symbiotic systems of Alnus (Frankia alni), Azolla sp. (Anabaena azollae) 
and Gunnera (Nostoc ruiscorwn). Associative N 2 -fixing systems (diazo- 
trophic biocoenoses) involvir^ a number of microorganisms have been 
demonstrated in very many tropical grasses, sugarcane, maize and sor¬ 
ghum, rice, wheat, Spartina alterniflora Loisel, etc. Vose and Ruschel 
(1981) should be consulted for a general view of this area. 

A certain amount of work has been concerned with the interaction of 
Rhizobium on substrates of nonlegume cells, and this will be mentioned 
first. Although such work is at present academic, it does show that 
the Rhizobium system is not as inflexible as first thought, and it offers 
the hope that its capacity to fix atmospheric nitrogen might be trans¬ 
ferable to species hitherto lacking this ability. Trinick (1973) observed 
that the nonlegume Trema aspera was able to produce effective nod¬ 
ules, when with Rhizobium-like bacteria, that irrfect and form nodules 
in four legume species. The endophytic nature of the bacteria is the 
necessary criterion for classifying them as Rhizobium. Attempts to ob¬ 
tain infection and activity of Rhizobium were made by Child (1975) 
with great success, with association of Rhizobia x callus of nonlegumes 
(brome grass, rapeseed, wheat) and nonnodule forms of legumes (sweet 
clover and Vicia hajastona), as well as with five varieties of pea. Nit- 
rogenase activity was observed with all the species tested, and the 
symbiotic N 2 -fixing association was shown to be aerobic. Bacteria 
populated the outside of cells and in cracks and intracellular spaces. 
Nodule-like structure was not observed. Bacteria were round in shape, 
without any membrane surrounding them. 

The Rhizobium-plant callus association differs from the nodule system 
morphologically and in its reaction to plant regulators. Tbe first sub¬ 
culture of a Rhizobium culture from caUus showed N 2 ase activity; how¬ 
ever, the second subculture did not show N 2 ase activity and hence the 
effect of plant tissue on fixation. Activity with plants other than leg¬ 
umes suggests that the same common plant product may be involved. 
It was concluded that in symbiotic N 2 -fixation the species barriers are 
at the stages of infection and nodule formation, rather than the expres¬ 
sion of nitrogenase by microorganisms that pwpulate these plants. Us¬ 
ing ^®N 2 enriched atmosphere and the association of Rhizobium-tobacco 
Cells, isotope enrichment was observed after 28 hr and 42 hr incuba¬ 
tion, confirming that acetylene reduction is a real indication of N 2 ase 
activity under these conditions (Scowcroft and Gibson, 1975). 

Nitrogen fixation of a eowpea strain of Rhizobium associated with a 
tobacco cell culture was noted (Gibson et al., 1976a). They observed 
maximization of nitrogenase activity at 20SS 02 -tension and 30 C. Glu¬ 
tamine as a nitrogen source could be replaced by other sources, such 
as glutamic acid, aspartic acid, and asparagine. Nitrate and ammonium 
suppressed nitrogenase. 

The effect of Rhizobium strain on nitrogenase activity in association 
with tobacco cells was observed. Gibson et al. (1976a) found activity 



838 


Modifications and Applications 


with a few strains of R. cowpea, R. japonicum, and R. lupini, but no 
activity with strains of R. trifolii, R. melUoti, and Cicer strains. Using 
the same type of substrate of tobacco cells, Gibson et al. (1975) not¬ 
iced that some strains tested (R. trifolii, R. meliloti, and Cicer strains) 
did not show N 2 ase activity, while almost 100% of R. japonicum, Jl. 
lupini, and R. cowpea showed activity, indicating that some affinity is 
needed. Child and LaRue (1974) and Scowcroft and Gibson (1975) found 
activity with R. cowpea. 

Schetter and Hess (1977) studied association of Rhizobium with eaUus 
tissue of horticultural plants (Portulaca grandiflora. Petunia hybrida, 
Ipomoea bicolor, and Nemesia strumosa). Except for Ipomoea all the 
callus associations showed N 2 ase activity. 

Compared with plant tissue culture of legumes x Rhizobium the basic 
difficulty of studying diazotrophic biocoenoses in nonlegumes is some¬ 
what different. In the former we now have good knowledge of Rhizo¬ 
bium but have problems in regenerating whole plants from legume cal¬ 
lus, whereas with the latter the main problems lie with the bacteria, 
as plant regeneration methods are available for most of the associated 
species involved. A summary of the main associative N 2 -fixation sys¬ 
tems is given in Table 3, together with major references. 

A note of caution should be sounded here: the study of associative 
N 2 -fixing systems is very recent, and in some cases there is stiU un¬ 
certainty as to the identification of the associated bacterial species. 
Also, we do not yet have knowledge as to whether species- or geno¬ 
type-specific strains of the bacteria are involved. For example, in 
sugarcane it is still not entirely clear as to whether there is a differ¬ 
ent dominant bacterial population in the stalk and roots as compared 
with the rhizosphere soil; although it appears that this is so (Ruschel, 
1981a,b; Rennie et al., 1982). 

We do not have information as to whether some associative bacterial 
populations are adventitious, depending on location and soil. In some 
cases where more than one bacteria is involved, it is not clear as to 
which is the major N 2 -fixer. There is some evidence in the sugarcane 
system (Ruschel and Vose, 1977) and in sorghum (Dart and Subba Rao, 
1981) for commensalism, i.e., bacteria dependent on each other in some 
way, possibly for growth factors. 

Almost certainly these associative systems are not optim^ at the 
present time, and there is the possibility of improving the nis factors 
by plant breeding, either by conventional means or through plant tissue 
culture. This is shown by the work with sugarcane that has indicated 
that some varieties support much greater nitrogenase activity than 
others, and that this is heritable (Ruschel and Ruschel, 1981). Dart 
and Subba Rao (1981) found wide variation in nitrogenase activity of 
334 field-grown sorghum lines, and 15 of them showed consistently high 
nitrogenase levels over three seasons. BriU and his group (personal 
communication), working with maize, have been able to identify, cress, 
and select progeny lines with improved capacity to support an associa¬ 
tion with Azotobacter vinelandii. 

In these associative N 2 -fixing systems the same limitations on nitro¬ 
gen fixation are present as in the Rhizobium nodule systems, i.e., the 
bacteria must receive a source of carbohydrates, and the anaerobic 
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nitrogen-fixing mechanism must be protected from oxygen. In Azoto- 
bacter it is recognized that this is achieved by its intense respiratory 
activity and protectory conformational change of the enzyme, while in 
the ease of AzospirUlum microaerophyllism is necessary in culture medi¬ 
um, but sometimes these points are not properly established. It should 
be noted that in some cases Na-fixation may not be the only or even 
the prime effect of the bacteria, which may also produce hormonal ef¬ 
fects. 

It seems likely, even from the few references given above, that in 
most cases the maximum possible level of associative Na-fixation has 
not yet been achieved, and to do this we need to have better knowl¬ 
edge of these systems. For example, future investigations of Na-fixing 
systems will want to establish: (1) positive identification of the bac¬ 
teria, (2) the specificity of bacterial strains vis a vis associated plant 
species and variety, (3) the nature of the carbohydrate source, (4) the 
degree of bacterial commensalism and synergy, (5) whether the effect of 
the bacteria is solely through Nj-fixation or if there is an effect of 
growth factors, (6) the infection mechanism and the nature of the affin¬ 
ity, and (7) obtain evidence that microorganisms in the plant are really 
active in N 2 -fixation. 

We need to remain open-minded as to what these associations repre¬ 
sent, i.e., they show us the possibility of useful biological N 2 -fixing 
systems not dependent on Fhizobium. Some discussions on the possibili¬ 
ty of transference of N 2 -fixing ability from legumes + Rhizobium to 
nonlegumes have centered on the possibility of adaptation of Rhizobia 
or the transfer of its nif genes. It could be that this is not the only 
approach; indeed it may be a less favorable approach than either im¬ 
proving existing associative N 2 -fixing systems or trying to transfer nif 
genes from bacteria already closely adapted to nonlegumes. 

Plant tissue culture could have a useful role in a number of areas. 
These might include investigations on the affinity of specific bacteria 
to the host plant and attempts to obtain, by mutation and selection, 
optimal compatibility of plant genotype and bacterial strain. This 
could be especially important in sugarcane, where conventional breeding 
is troublesome and slow. 

Limited ad hoc inoculated tissue culture work has already been at¬ 
tempted. Vasil et al. (1979) and Berg et al. (1979) studied combined 
cultures of sugarcane callus tissue and AzospirUlum brosUensB, and 
found appreciable rates of acetylene reduction activity. They were 
able to maintain the cultures for 18 months, even though A. brasUeme 
is not a colonizer of sugarcane roots and stem. Carlson and Chaleff 
(1974) reported an association between carrot tissue and Azotobacter 
vinelartdii, and Vasil et al. (1979) reported tobacco tissue cultures 
inoculated with A. vinelandii and AzospirUlum brasilense, but the 
cultures did not develop an intracellular association and eventually 

died. ... w 

Plant tissue culture and plant regeneration should not _ now be a 
limiting factor in studying associative N 2 -fixing systems in vitro. Many 
procedures now exist, and Green (1978) reviewed in vitro plant regen 
eration in grasses and cereals, while Brar et al. (1979) reviewed regen 
eration in maize and sorghum. Sugarcane has long (Heinz, 1973) been 
very sucessfuUy cultured in vitro. 
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METHODOLOGY 

The techniques used to study biological nitrogen fixation are quite 
routine. Burris (1975) has described standard methods for nitrogen fix¬ 
ation studies. Vincent (1970) has described practical methods for root 
nodule bacteria, and Bergersen and Gibson (1978) have described the 
techniques of nitrogen fixation by Rhizobiwn spp. in laboratory culture 
media. 

General methods for evaluating nitrogen fixation have been described 
extensively (Bergersen, 1980). Nitrogen fixation is usually determined 
routinely via nitrogenase activity as evaluated by acetylene reduction 
(Hardy et al., 1973) samples being incubated with 10^ acetylene and 
ethylene subsequently analyzed by gas chromatography. The stable iso¬ 
tope offers an exact method of determining nitrogen fixation, and 
methodology and problems have been discussed by Vose et al. (1981), 
Knowles (1981) has discussed the problems of measuring Ns-fixation. 

LaRue et al. (1975) described a continuous and nondestructive method 
to determine Naase activity in microbial cultures, using low and 
noninhibitory concentrations of acetylene (10"^ mol/liter), mixed with 
the gas flow aerating the microbial cultures, which can be carried out 
in situ and automated. Direct evidence can be achieved by exposing 
the system being studied to ^®N 2 -dinitrogen (Scowcroft and Gibson, 
1975).' 


Callus Culture 

Plant cell culture can be obtained from different plant parts, gener¬ 
ally using Gamborg's method (1968) as used by many authors (Child and 
LaRue, 1974; Holsten et al., 1971). However, great care is always 
necessary, since contamination with Nx-fixing free-living microorganisms 
is very common. Aseptic tissue culture of sugarcane has been obtained 
(Chapter 26) from very newly expanding leaves from surface sterilized 
buds, since after 3-4 days bacteria situated inside the stalk quickly 
move to every plant part and, without being harmful have, of course, 
active nitrogenase. 

The effect of diffusible factors has been studied by growing bacteria 
and plant cells close to but not in direct contact, using special con¬ 
tainers with membranes that facilitate separation of plant cells from 
bacteria in the same media (LaRue et al., 1975; Reporter and Hermina, 
1975; Anderson and Phillips, 1976). 

It is difficult to study free-living N 2 -fixers in association with tissue 
culture. Bearing in mind that bacteria can show activity in culture 
media and that callus has to develop on N-enriched media, the follow¬ 
ing points should be stressed: (1) N 2 ase activity can be repressed by 
an excess of N in the system. (2) N 2 ase activity can be due to the 
development of bacteria in media depleted by previous growth of callus 
or tissue culture and not by the association tissue culture x bactwia. 
(3) When plants are obtained from tissue culture differentiation, it is 
almost impossible to maintain them without some contamination by 
other microorganisms. 
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As an example, we can cite an experiment carried out with sugar¬ 
cane plants obtained from tissue culture inoculated with different N 2 - 
fixing microorganisms (Azotobacter, Bacillus, AzospirUlum, Erwinia) and 
maintained in closed vessels for 1 month with all precautions that 
nevertheless showed contamination by other bacteria. Even so, treat¬ 
ments with AzospirUlum and Bacillus showed N 2 ase activity when com¬ 
pared with the others (Graciolli, unpublished). 

The above difficulties might be overcome through: (1) separation of 
the bacteria in the callus from the callus medium, (2) the use of 
to provide more reliable evidence of N 2 -fixation, and (3) the use of a 
known enriched culture of plant tissue, so that subsequent isotope dilu¬ 
tion might show incorporation of new nitrogen following inoculation. 


FUTURE PROSPECTS 

Future prospects must be related to the need to improve biological 
nitrogen fixation, either to reduce the need for nitrogen fertilizers in 
developed agriculture or to increase nitrogen inputs to crops in devel¬ 
oping countries where little or no nitrogen fertilizer is used. Many 
points have been emphasized in the text and will merely be summarized 
here. 

Work with legumes will concentrate on improving the existing Rhizo- 
bium symbiosis. This will require improved compatibility of Rhizobium 
and legume, improved competitiveness of the Rhizobium inoculum with 
wild type soil Rhizobia and other bacteria, increased tolerance to fac¬ 
tors such as soil acidity and seed-applied pesticides, and an ability to 
function in the presence of mineral-N. As regards the legume plant, it 
is necessary to seek those genotypes with efficient photosynthesis and 
improved partitioning of carbohydrate to the nodules, the latter being 
necessary even if this results in slightly lower yields. Achieving maxi¬ 
mum possible yields may not always be a desirable objective, especially 
in countries where fertilizer costs are high and require foreign curren¬ 
cy (Ruschel and Vose, 1980; Vose, 1981). In some cases legumes 
needed with better adaptation to A1 and Mn toxicities of acid soils, 
and for all legumes, varieties with tolerance to selective herbicides 
that still retain the capacity for efficient symbiosis. 

The real challenge lies in achieving greater inputs of biologically 
fixed nitrogen into nonlegume crops. Conceivably this might be done 
by developing much improved versions of the existing associative N 2 - 
fixing systems; by conferring Rhizobium-fixing capacity (nodules) on non¬ 
fixing crops by intergeneric hybridization with legumes; or by transfer 
of nif genes from bacteria. Improvement of associative N 2 -fixation by 
sugarcane, wheat, and the crops associated with AzospirUlum spp. will 
have essentially the same objective as Rhizobium work; improved com¬ 
patibility of plant and bacteria, improvement of the association and the 
carbohydrate supply, and making the systems tolerant to mineral fertili¬ 
zer. Additionally, in sugarcane it would be useful to eliminate the re¬ 
pressor system (inhibitors?) that prevent Na-fixing bacteria present in 
the stems from actively fixing nitrogen in situ. This is became, as far 
as is known, bacteria do not fix nitrogen in the stems, only in the cut 
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stem pieces (germinating sets used for plantir^), in the roots, and in 
the rhizosphere soil. 

Protoplast techniques, in particular the intergeneric fusion of proto¬ 
plasts offer, at least theoretically, the possibility of crossing legume 
with nonlegume crops. It has to be admitted that there are still sub¬ 
stantial difficulties, even though intergeneric protoplast fusion products 
are known. Constabel (1978) noted 24 eases of viable interspecific 
somatic hybrids, but in virtually all these cases the species could also 
be crossed by sexual means. 

In the ease of legumes, Kao et al. (1974) achieved fusion and cell 
division with barley and soybean, and maize and soybean. Vasil et al. 
(1977) approached the problem via nodule protoplasts, with the argu¬ 
ment that this should both overcome the problem of the infection bar¬ 
rier and also permit protection of the bacteroids and nitrogenase sys¬ 
tem within the original membranes. Protoplasts from Lupinus augusti- 
folius were fused with mesophyll protoplasts of Nicotiana tabacum. The 
fusion products were viable for a few days, and it was not possible to 
demonstrate acetylene reduction activity, although such activity had 
been present in the isolated nodule protoplasts. Binding and Nehls 
(1978a) obtained fusion products of Vicia faba and Petunia hybrida, but 
hybrid cells tended to eliminate Vicia chromosomes. The same authors 
(1978b) achieved regeneration of isolated Vicia faba protoplasts. 

In general, plant regeneration from protoplast fusion of plants that 
normally cannot be crossed sexually has not been very successful. The 
plants have tended to grow slowly, show malformation, and be sterile. 
However, this relative lack of success at this early stage of research 
should not rule out the possibility of ultimate success of such methods. 

There is considerable interest at the present time in the possibility 
of transferring the nif genes for nitrogen fixation from bacteria to high¬ 
er plants. It has been known for a long time that genes for nitrogen 
fixation can be transferred between bacteria (Dunican and Tierney, 
1974; Cannon et al., 1974), the latter workers successfully transferring 
the nitrogen fixing genes of Klebsiella pneumoniae into Escherichia coU 
and conferring on it the capacity to fix atmospheric nitrogen. The 
method adopted was to incorporate the nif genes in a plasmid, i.e., 
extrachromosomal DNA, followed by introduction of the plasmid into the 
E. coli cells. 

Although the transfer of bacterial nif genes to plants is theoretically 
possible, it presents many difficulties, because of the presence of an 
apparent genetic barrier between prokaryotes and eukaryotes. Mere 
simple transfer of nif genes to nonlegume plants seems unlikely to give 
them the immediate capacity to fix nitrogen. A consideration of plant 
evolution indicates that nitrogen fixation capacity has not yet jumped 
the gap, say, between bluegreen and green algae, bacteria and yeasts, 
nor is it present in the simplest higher plant. The problems to be 
solved have been formulated by many workers (e.g., Shanmi^an and 
Valentine, 1975a; Postgate, 1977). 

It must be noted that it is not only the nif genes that must be 
transferred, but probably also those for leghaemoglobin synthesis (an 
oxygen carrier in the ease of legume-type nodules) and for oxygen pro¬ 
tection for nitrogenase. This requires the introduction of foreign DNA 



Nitrogen Fixation 345 

into plant chromosomes, or at least to ensure its maintenance as stable 
plasmids. The basic problem is that genetic information of higher 
plants and bacteria is expressed in different ways. Thus bacteria pos¬ 
sess the language for regulating, transcribing, and translating informa¬ 
tion on nif and the other genes that must support it. As higher plants 
cannot read this language, an intermediary must be sought. Two inter¬ 
mediaries have been suggested as vectors; some viruses and the bac¬ 
teria Agrobacterium tumefaciens. 

Viruses have the advantage that they carry plasmid sites that can be 
read by the plant. Thus a DNA virus might prove to be a good inter¬ 
mediary. However, it seems not to be properly known whether bacter¬ 
ial RNA sequences can replicate by means of plant DNA polymerase or 
whether they can use plant RNA polymerase for transcription. One 
possibility is to construct hybrid molecules between a virus such as 
cauliflower mosaic virus, CMV {Langridge, 1976) and bacterial DNA 
sequences, so that bacterial genes for nif might be given a capacity for 
replication that can be expressed within plant cells. Of course, it is 
not sufficient to insert genetic information into a cell; it must there¬ 
after show functional expression. 

Agrobacterium belongs with Rhizobium in the two-genera family of 
Rhizobiaeeae. Both genes produce cell proliferation, which in the case 
of Rhizobium finds expression in the nodules of legumes and in the case 
of Agrobacterium produces crown galls or growth on plants which are 
nonlegumes. Theoretically then, Agrobacterium could be used to trans¬ 
fer the nitrogen fixing ability of Rhizobium to nodule-like structures on 
nonlegumes. Davey et al. (1980) have shown the possibility of trans¬ 
forming isolated plant protoplasts with Agrobacterium plasmids. Plas¬ 
mids of Agrobacterium and Rhizobium apparently share a high degree of 
homology (Drummond and Chilton, 1978; Jouanin et al., 1981; Hooykaas 
et al., 1981). Genetic studies in Rhizobium have indicated that at 
least some of the genes for symbiosis are plasmid carried (Johnson et 
al., 1978). Nuti et al. (1979) have put forward evidence for nif genes 
on Rhizobium plasmids, whUe Hooykaas et al. (1981) have reported a 
plasmid, Sym (biosis) in R. trifolii which determines host specificity, and 
most steps to root nodule formation and nitrogen fixation. 

Although taken together these factors may be positive for the use of 
Agrobacterium tumefaciens as a nif vector, the fact remains that we 
have no means of controlling the gall production and, as Postgate 
(1977) noted, although A. tumefaciens accepts nif genes on a plasmid, 
it does not fix nitrogen; but if the plasmid is moved into E. coli, then 
derivatives will fix nitrogen. There are obvious problems. Although 
there are exciting possibilities, clearly we cannot guess how nif will 
ultimately be transferred to nonlegume plants. 

In the meantime, more efficient rhizosphere bacteria may be ob¬ 
tained. Gordon and Brill (1972) found mutant strains of Azotobacter 
that will fix nitrogen even in the presence of NH/. Kleeberger and 
Klingmueller (1980) have suggested transferring nif genes to bacteria 
common in the rhizosphere that hitherto do not have the capacity to 
fix nitrogen. They were successful in achieving acetylene reduction 
activity in a normally nonnitrogen-fixing strain of Enterobacter cloacae, 
after transferring plasmid pRDl carrying nif genes from Escherichia coli. 
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Azotobacter pmpali is specific for the batatais variety of Paspdm 
notatum (Dobereiner, 1976). There seems to be no theoretical reason 
why different strains of this bacteria should not be made specific for 
various Gramineae, with corresponding increased efficiency. 
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CHAPTER 31 

Evaluation of Disease Resistance 

S.A. Miller and D.R Maxwell 


Tissue culture systems have been utilized in the past 15 years to in¬ 
vestigate numerous aspects of host-pathogen interactions (Ingram, 1977; 
Ingram and Helgeson, 1980). Emphasis in this chapter is placed on the 
application of tissue culture methods to studies of plant disease resist¬ 
ance, particularly the role of phytoalexins in resistance. Tissue cul¬ 
tures (i.e., callus tissues, suspension cultures, isolated cells, and proto¬ 
plasts) offer many advantages over intact plants for these studies, 
including (a) exclusion of contaminating microorganisms, (b) control of 
environmental parameters, e.g., temperature, light, and nutrients, (e) 
ability to inoculate host cells without wounding, (d) control of pathogen 
inoculum levels and number of host cells, (e) ability to alter the nature 
of the host-pathogen interaction by altering componenets of the growth 
medium, (f) the presence of only one or a few major host cell types, 
and (g) the ease of application or removal of materials, e.g., labeled 
precursors, from cultured cells. The major disadvantage of tissue 
culture systems is that plant cells grown in culture may be, ^ in ^ some 
instances, genetically and physiologically different from cells in intact 
plants (Ingram, 1980). Nonetheless, valuable information has been 
acquired using tissue cultures, and they should continue to be useful as 
model systems in studies of plant disease resistance. 

REVIEW OF THE LITERATURE 

Expression of Disease Resistance in Tissue Cultures 

The tissue culture system that has been most CMefuUy defined and 
[ffesents the best evidence for the applicability of in vitro systems to 
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the study of host-parasite interactions is the tobacco (Nicotiana tabac- 
um L.)/Pi^tophthorfl parasitica Dast. var. nicotionae (Breda de Haan) 
(Ppn) system (Helgeson et al., 1972; Helgeson and Haberlach, 1980). 
Monogenic resistance in tobacco to race O of Ppn is determined by a 
dominant genetic factor (Goins and Apple, 1970) that is expressed in 
tissue culture (Helgeson et al., 1976; Maronek and Hendrix, 1978; Dea¬ 
ton et al., 1982). Helgeson et al. (1976) compared rooted cuttings 
from 185 tobacco plants with callus tissues derived from these plants 
for their reaction to race 0 of Ppn. The plants tested were cuttings 
from a homozygous resistant parent, a homozygous susceptible parent, 
the Fi plants from a cross of these parents, the Si plants of selfed re¬ 
sistant and susceptible parents, the Fa plants from selfed Fi plants, 
the F 3 plants from crosses of homozygous susceptible with heterozygous 
resistant Fa plants and progeny of an outcross between an Fi plant 
and a susceptible plant from the cultivar Wisconsin 38. In each case, 
the segregation pattern reflected the presence of a single, dominant 
genetic factor for resistance to race 0 of Ppn. In addition, callus tis¬ 
sues derived from all of the resistant plants were resistant, and those 
derived from the susceptible plants were susceptible. Since there were 
no deviations from the correlation of callus tissue reactions to Ppn 
with the reactions of the plants from which they were derived, these 
results indicate that the resistance gene that is expressed in intact 
tobacco plants is also expressed in tissue culture. Quantitatively in¬ 
herited resistance to Ppn is also expressed in tissue culture. Deaton 
et al. (1982) found that the response of callus tissue from field resist¬ 
ant burley cultivars to Ppn was highly correlated with the whole plant 
response to the pathogen. The degree of resistance of these calluses 
was intermediate between monogenic resistance and susceptibility. 

The expression of resistance in tobacco callus cultures is affected by 
several factors, including temperature, inoculum concentration, callus 
morphology, and particularly, the balance of phytohormones in the tis¬ 
sue culture medium (Helgeson et al., 1972). Resistant-responding callus 
tissues are characterized by a hypersensitive reaction in the tissue 
beneath the point of inoculation, accompanied by reduced colonization 
by the pathogen. In susceptible tissues no hypersensitive reaction is 
observed, and colonization is extensive within 7 days after inoculation 
(Haberlach et al., 1978). Cytological studies demonstrate that within 
48 hr after inoculation, only 5-8 ceU layers are penetrated in resistant 
tissues, while in susceptible tissues more than 50 cell layers are colon¬ 
ized (de Zoeten et al., 1982). Dltrastruetural changes in compatible 
and incompatible interactions in callus tissue are strikingly similar to 
those occurring in intact roots infected with Ppn (Hanchey and Wheel¬ 
er, 1971). 

The expression of race-specific resistance in tissue culture has also 
been demonstrated for potato (Solanum tuberosum L.) in response to 
Phytophthora infestans (Mont.) de By. Tissue culture aggregates from 
the variety Majestic, with no known R genes for resistance to P. infes- 
tans, stimulate growth of race 4 of the pathogen, whereas aggregates 
from the variety Orion, which contains the Ri gene, do not (Ingram 
and Robertson, 1965). Tissue culture aggregates derived from other 
Solanwn lines resistant to race 4 are also resistant, while those 
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derived from susceptible lines are susceptible (Ingram, 1967). Hius 
Ingram (1967) concluded that R genes for resistance to P. ir^estans are 
expressed in Solamm tissue cultures. As in the tobaeco/Ppn system, 
the expression of resistance to P. irrfestans in potato callus tissue is 
influenced by the balance of plant growth relators in the growth 
medium. By manipulating the auxin;eytokinin concentration ratios in 
chemically defined growth media, Campbell (1979) was able to demon¬ 
strate the expression of resistance in callus tissue to P. infestans. "nie 
resistant response is not accompanied by tissue teowning, although P. 
infestans does cause browning in tobacco callus tissue. 

Other systems in which the expression of disease resistance in tissue 
cultures has been investigated include (a) tomato (Lycopersicon esciden- 
tum Mill.)/P. infestans (Warren and Routley, 1970), (b) soybean (Glycine 
max (L.) Merr.)/Fhytophthora megasperma Dreehs. var. sojae (Holliday 
and Klarman, 1979), (c) tobaoco/Pseudomonas spp. (Huang and Van Dyke, 
1978), and (d) tobacco/tobaeco mosaic virus (Beachy and Murakishi, 
1971). . . 

In our laboratory we have utilized an alfalfa (Medicago sativa L.) 
callus tissue culture system to study host and nonhost resistance in 
alfalfa to Phytophthora megasperma f. sp. medicaginis (Pmm), an alfalfa 
root pathogen, and P. megasperma f. sp. glycinea (Pmg, syn. P. mega¬ 
sperma var. sojae), a pathogen of soybean but not of alfalfa, respect¬ 
ively. Cultivated alfalfa is an autotetraploid with considerable genetic 
diversity, and inheritance is complex (Busbice et al., 1972). There ap¬ 
pears to be more than one genetic system governing the resistance of 
alfalfa to Pmm (Lu et al., 1973; Irwin et al., 1981a); in the system we 
have studied resistance is determined by two incompletely dominant 
complementary genes, requiring at least a duplex genotype at one locus 
and a simplex genotype at the other locus for the expression of resist¬ 
ance (Irwin et al., 1981b). Resistance to Pmm and to the nonpathogen, 
Pmg, is expressed in callus tissue culture (Miller et al., 1981; Miller, 
1982). The resistant interactions are characterized by a reduction in 
tissue colonization and an increase in tissue browning, relMive to the 
susceptible interaction (Table 1, Figs. 1 and 2). The difference be¬ 
tween resistant and susceptible interactions, based on the presence or 
aerial hyphae on inoculated callus tissue pieces, is apparent within 2 
days after inoculation (Table 1). 


Studies of Phytoalexin Induction and Biosynthesis in Tissue Culture 

Phytoalexins are low molecular weight, antimicrobial (wmpoun^ 
formed by plants in response to infection and exposure to various tox« 
and nontoxic compounds and are thought Play V^ole ^ 
sistance (Kuc, 1976; Stoessel, 1980; Keen, 1981; Heath, 1981a). Tmsue 
culture systems, especially those utUizing suspension ciRtures, have 
been used^ recently to investigate various aspects of the induction ^d 
biosynthesis of phytoalexins. Plant cells grown in culture retam tte 
eapacitv to produce phytoalexins in response to biotic or abiotic phyto- 
SnSdiiciS agents (Slcitors) (Table 2). In some cases Ph^ans 
are produced in the absence of added elicitors, but in general, the 
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no aerial hyphae or tissue discoloration 

aerial hyphae or tissue discoloration on top 25% of callus piece 

aerial hyphae or tissue discoloration on top 50% of callus piece 

aerial hyphae or tissue discoloration on top 75% of callus piece 

aerial hyphae or tissue discoloration on entire callus piece 
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C 
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Figure 1. Response of two alfalfa callus tissue lines to Phytophthora 
megasperma f. sp. medicaginis (Pmm) and P. megasperma f. sp. glycinea 
(Pmg) 3 days after inoculation. Line M269 is susceptible to Pmm, line 
Ml94 is resistant; both are nonhosts of Pmg. (a) M269, noninoculated 
control, (b) M269/Pmm, (c) M269/Pmg, (d) M194, noninoculated control, 
(e) M194^mm, (f) M194/Pmg. Note aerial hyphal development on M269/ 
Pmm (b) and browning reaction on M269/Pmg (c), M194/Pmm (e) and 
M194/Pmg (f). 

level of constitutive, or noninduced, phytoalexin production in culture 
is low (Dixon, 1980) and decreases with continual subculture (Bailey, 
1970; Hargreaves and Selby, 1978; Dixon, 1980). 

Most of the studies of phytoalexin induction in tissue culture have 
involved the production of isoflavonoid-derived phytoalexins by members 
of the Leguminosae. Changes in levels of various enzymes of phenyl- 
propanoid metabolism in plant cultures, after treatment with spore sus¬ 
pensions or other elicitors, have been examined in Phaseolus vulgaris L. 
(Dixon and Fuller, 1976; Lamb and Dixon, 1978; Dixon and Bendall, 
1978; Dixon and Lamb, 1979; Lawton et al., 1980; Dixon et al., 1981), 
Glycine max (Ebel et al., 1976; Zaehringer et al., 1981), and Canavalia 
ensiformis (L.) DC. (Gustine et al., 1978). The activity of L-phenylala- 
nine ammonia-lyase (PAL), which catalyzes the first step in the biosyn¬ 
thesis of phenylpropanoid phytoalexins from phenylalanine, increases in 
elicitor-treated callus or suspension cultures, and precedes increases in 
phytoalexin concentration in these systems. In P. vidgaris suspension 
cultures treated with an elicitor preparation from the bean pathogen, 
Colletotrichum lindemuthianum (Sacc. & Magn.) Br. & Cav., the marked 
but transient increase in PAL activity observed is the result of in¬ 
creased de novo synthesis of the enzyme (Dixon and Lamb, 1979). 
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Figure 2. Colonization of alfalfa callus tissue 72 hr after inoculation 
with PhytofMhera megasperma f. sp. medicaginis (Pmm) or P. megasper- 
ma f. sp. glycinea (Pmg). Callus pieces are sliced horizontally into 
four equal slices (numbered one to four from top to bottom) that are 
rated for colonization on a zero to five scale. A value of zero indi¬ 
cates that no hyphae are visible in the slice, while a value of five is 
assigned to slices in which the hyphae form a thick mat. Alfalfa line 
M269 is susceptible to Pmm; line M194 is resistant. Both are nonhosts 
of Pmg. No hyphae are observed in noninoeulated controls. 

However, it is still not clear whether PAL plays a regulatory role in 
phytoalexin biosynthesis (Partridge and Keen, 1977; Zaehringer et al., 
1978). Other enzymes of phenylpropanoid metabolism which have been 
shown to increase in induced callus or suspension cultures include (a) 
o-methyl transferase in C. ensiformis (Gustine et al., 1978), (b) dimeth- 
ylaUylpyrophosphate;3,6a,9-trihydroxy-pteroearpan dimethylallyl transfer¬ 
ase in G, max (Zaehringer et al., 1981), and (c) cinnamic acid 4-hy¬ 
droxylase, p-coumaric acid-coenzyme A ligase, flavanone synthase, and 
chalcone-flavanone isomerase in P. vulgaris (Dixon and Bendall, 1978). 


The Role of Phytoalexins in Resistance Expression in Tissue Cultures 

Several careful studies with intact plants have indicated that phyto¬ 
alexins accumulate at the proper time, place, and concentration to re- 
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strict growth of incompatible races of a pathogen, and thus are pre¬ 
sumed to be responsible for the expression of race-specific resistance 
(see review by Keen and Bruegger, 1977; Yoshikawa et al., 1978). 
However, studies of resistance in tobacco callus tissue to incompatible 
races of Ppn have failed to provide evidence which supports this con¬ 
cept (Helgeson et al., 1978; Budde, 1981; Budde and Helgeson, 1981). 
Rishitin, capsidiol, and two related sesquiterpenoid compounds with 
antifungal activity accumulate in tobacco callus tissues chaUenged with 
compatible or incompatible races of Ppn, but the levels are higher and 
detected earlier in the compatible interactions than in the incompatible 
ones. Phytoalexins are not detected in the incompatible interactions 
until 60-70 hr after inoculation, even though the restriction of hyphal 
growth occurs within 24 hr after inoculation (de Zoeten et al., 1982). 
Thus it is not obvious how phytoalexins could be responsible for the 
expression of race-specific resistance in this system. 

We have observed similar results in our studies of the role of phyto¬ 
alexins in the resistance of alfalfa callus tissue to Pmm. Our efforts 
have focused on the pterocarpanoid phytoalexin, medicarpin. It is the 
predominant phytoalexin that accumulates in alfalfa roots (L.B. Graves, 
Jr. and D.P. Maxwell, unpublished data) and seedlinp (Vaziri et al., 
1981) challenged with Pmm, and in leaves inoculated with Helmintho- 
sporium carbonum Ullstrup, a nonpathogen of alfalfa (Higgins, 1972). 
Although colonization of resistant callus tissue (IVI194) by Pmm is signif¬ 
icantly lower than colonization of susceptible tissue (M269) (Fig. 2), 
levels of medicarpin in the resistant interaction are lower than in the 
susceptible interaction (Fig. 3). In addition, the highest medicarpin 
concentration reached in the resistant interaction (approx. 20 iig/g 
fresh weight caUus tissue) is much lower than the EDso value for Pmm 
(>90 Mg/ml; Miller, 1982) determined in in vitro bioassays of hyphal 
growth inhibition. 

Two other isoflavonoid phytoalexins, sativan and vestitol, are repor¬ 
ted to accumulate in alfalfa leaves following inoculation with H. carbo¬ 
num (Ingham and Millar, 1973; Ingham, 1979). Vestitol has not been 
detected in alfalf a callus tissue challenged with Pmm or Pmg or in non- 
inoculated controls. Low levels of sativan (2.5 |ig/g fresh weight callus 
tissue) are detected in Pmm- and Pmg-challenged callus tissue within 48 
hr after inoculation and increase slightly by 72 hr after inoculation. 
Accumulation of sativan, like medicarpin accumulation, is highest in the 
susceptible interaction. Thus phytoalexin accumulation does not appear 
to be responsible for the expression of resistance to Pmm in alfalfa cal¬ 
lus tissues. However, phytoalexins may play a role in nonhost resist¬ 
ance in alfalfa callus tissues to Pmg. In vitro tests of hyphal growth 
inhibition by medicarpin indicate that Pmg is highly sensitive to this 
phytoalexin (EDso <20 ^g/ml). By 72 hr after inoculation with Pmg, 
medicarpin is present in both M269 and M194 callus tissues in concen¬ 
trations that surpass the EDso value of medicarpin for Pmg (Fig. 3). 

The inability to demonstrate that phytoalexins are primarily respons¬ 
ible for the expression of host resistance in the tobacco/Ppn and 
alfaJfa/Pmm tissue culture systems should not be interpreted m conclu¬ 
sive evidence against the role of phytoalexins in the expression of re¬ 
sistance in intact plants. Parallel studies of disease resistance in 
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gated with a less-well-defined system. In both of these cases it is 
critical that conditions (e.g., media composition, temperature, light, and 
inoculum concentration) are defined that aUow the expression of disease 
resistance in culture. In other instances, e.g., studies of the induction 
and biosynthesis of phytoalexins, expression of disease resistance is not 
a major factor as long as phytoalexins are produced. In fact, many of 
these investigations are carried out using nonspecific elieitors of 
phytoalexin biosynthesis. In these instances factors that influence 
phytoalexin accumulation (e.g., media composition, age of cultured cells, 
types of elicitor and concentration of elicitor) must be considered. 
These have been recently reviewed (Dixon, 1980) with an emphasis on 
isoflavonoid phytoalexins that are characteristic of members of the 
Leguminosae. 


Type of Tissue or Cell Culture 

One of the first considerations in developing a system to study dis¬ 
ease resistance is the type of tissue or cell culture to be utilized, i.e., 
callus tissue, suspension cultures, isolated cells, or protoplasts. Each 
has advantages for particular areas of study, and detailed methods have 
been published for the initiation and maintenance of callus cultures 
(Yeoman and Maeleod, 1977) and suspension cultures (Street, 1977; Hel- 
geson, 1980), the isolation of cells (Takebe et al., 1968; Servaites and 
Ogren, 1977; Callow and Dow, 1980), and the isolation and culture of 
protoplasts (Bajaj, 1977; Evans and Cocking, 1977; Eriksson et al., 
1978; Hanke, 1980; Shepard, 1980). CaUus tissue culture systems have 
been used widely for studies of the expression of race-specific and non¬ 
host resistance (Ingram and Robertson, 1965; Warren and Routley, 1970; 
Helgeson et al., 1972; Keen and Horsch, 1972; Maronek and Hendrix, 
1978; Huang and Van Dyke, 1978; Holliday and Klarman, 1979; Camp¬ 
bell, 1979; Miller, 1982) and offer several advantages over suspension 
cultures, isolated cells, or protoplasts- These include (a) the ease of 
initiation and maintenance of cultured tissues, (b) the ability to add 
inoculum (spores, zoospores, etc.) directly to callus tissue, so that the 
tissue culture medium is not a direct source of nutrients for the patho¬ 
gen, and (c) the ability to foUow, cytologicaUy, the progress of infe<^ 
tion and colonization of callus tissue by the pathogen and the hosts 
response. Phytoalexin accumulation can be determined in pathogen- 
challenged callus tissue and related to the extent of colonization 

(Budde and Helgeson, 1981; Miller, 1982). In addition, resistance that 

is expressed by eaUus tissue may not be expressed in suspension cul¬ 
ture (Ingram and Robertson, 1965). .... e ..v in- 

Suspension cultures commonly are used in studies 
duction and biosynthesis (Bailey, 1970; Ebel et al., 

Fuller, 1977, 1978; Hargreaves and Selby, 1978; Ote and Untani, 19 h 
Phytoalexin-inducing agents (elieitors) and labeled ^ 

applied easily and uniformly to suspension cultures, and sampling is 
facilitated. In addition, since a small number <rf cell types are preset 
in suspension cultures, interpretation of resits ^ 

activity after addition of eUeitor) should be simplified (Dixon, 1980). 



864 Modifications and Applications 

However, the possibility that changes may occur in cultured cells that 
alter their reaction to exogenously applied compounds must be consi¬ 
dered (Larken and Skowcroft, 1981). Isolated plant cells have the ad¬ 
vantage of being more representative of cells in an intact plant (Cal¬ 
low and Dow, 1980). Suspension cultures, isolated ceUs, and proto¬ 
plasts can provide excellent model systems for the study of various 
aspects of host-pathogen specificity, particularly the interaction of eli- 
citors (CaUow and Dow, 1980; Doke and Tomiyama, 1980a) and suppres¬ 
sors (Doke and Tomiyama, 1980b) of the hypersensitive response and/or 
phytoalexin accumulation, with plant cells. These systems have also 
been useful in studying the toxic effects of phytoalexins on plant cells 
(Shiraishi et al., 1975; Skipp et al., 1977; Lyon and Mayo, 1978). 


Media Composition 

A variety of culture media have been used in studies of the expres¬ 
sion of disease resistance and phytoalexin accumulation in culture 
(Table 2). The best approach in choosing a culture medium is to sel¬ 
ect one that allows good growth of callus tissue (or suspension cells), 
then to modify the medium as necessary. For example, one may wish 
to modify the levels of plant growth regulators in the growth medium, 
because both the expression of disease resistance (Helgeson et al., 
1972; Haberlach et al., 1978; Holliday and Klarman, 1979; Campbell, 
1979) and production of phytoalexins (Dixon and Fuller, 1976, 1978) are 
influenced by the concentrations of auxins and cytokinins in the medi¬ 
um. In tobacco callus tissue a particular balance is required between 
the cytokinin and auxin concentrations in the culture medium for resis¬ 
tance to Ppn to be expressed. Resistance to Ppn can be eliminated by 
increasing the concentrations of the cytokinins kinetin (KIN) or benzyl- 
adenine (BA), but not A^-isopentenyl adenine (2-ip), relative to the 
concentration of the auxin indoleacetic acid (lAA) (Haberlach et al., 
1978). Thus it may be necessary to test several plant growth regula¬ 
tors at several concentrations to develop a suitable culture medium 
that will allow good growth of the host tissue and expression of dis¬ 
ease resistance. 

Several investigators have found that expression of disease resistance 
is affected by callus morphology, which is also influenced by the con¬ 
centrations of plant growth regulators in the growth medium (He^eson 
et al., 1972; Haberlach et al., 1978; Holliday and Klarman, 1979; 
Campbell, 1979). In tobacco and potato, resistance to an incompatible 
race of Ppn and P. irfestans, respectively, is expressed in compact 
callus tissue, but not in callus tissue more friable in appearance. Re¬ 
sistance in ^alfa to Pmm and Pmg is expressed in rather friable callus 
tissue; however, callus morphology is also important in this system. 
Callus tissues in which the surface appears wet or glossy are colonized 
more rapidly and extensively than eaUus tissues that are dry in appe^ 
ance. The dryness of alfalfa callus tissue appears to increase with in¬ 
creasing concentrations of kinetin in the growth medium (Miller, 1982). 
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The Pathogen 

It is important to work with genetically uniform isolates of the path¬ 
ogen, especially in studies of race-specific resistance. This can be ac¬ 
complished by using isolates that have been grown from single, selected 
spores or isolated bacterial cells. Methods for isolating individual 
spores have been published elsewhere (Tuite, 1969). 

Most facultative plant pathogens can be grown on undefined media 
such as V-8 medium (Tuite, 1969) and maintained by frequent transfers 
to fresh media. However, prolonged maintenance on artificial media 
may result in a reduction of a^ressiveness or loss of pathogenicity in 
the pathogen. Isolates should be checked periodically for aggressive¬ 
ness and pathogenicity by inoculating host plants and observing symp¬ 
tom development. If aggressiveness has been reduced in culture, sever¬ 
al cycles of inoculation and reisolation from diseased plants may res¬ 
tore it to an acceptable level. 


Inoculum 

Bacterial cells, purified virus preparations, fungal spores, zoospores, 
sporangia, and hyphae have been used successfully to infect eaUus tis¬ 
sues. Where quantification of inoculum is important, fungal spores, zoo¬ 
spores, or sporangia are preferable to hyphae, although hyphal inoculum 
is generally easier. The results of several studies indicate that the 
expression of resistance in callus tissue is relatively insensitive to 
changes in inoculum levels (Ingram and Robertson, 1965; Holliday and 
Klarman, 1979; Campbell, 1979; Budde, 1981). For example, resistance 
to P. ir^estons is expressed in potato tissue culture aggregates at inoc¬ 
ulum levels of 100 and 1000 sporangia/aggregate, but begins to break 
down at 5000 sporangia/aggregate. Phj^oalexin accumulation in callus 
tissue is affected by large changes in inoculum levels (Gustine et al., 
1978; Budde, 1981); medicarpin accumulation in jack bean (Canavalia 
ensiformis) callus tissue increases with increasing concentrations of 
spores (10'‘-10^ spores/ral) of Pithomyces chartarum (Berk. & Curt.) M. 
B. EUis, a nonpathogen of jack bean. 


Temperature 

An easily discernable difference between the resistant and susceptible 
reactions in callus tissue may be evident over a somewhat limited 
range of temperatures. In tobacco callus tissue, resistance to Ppn is 
expressed at 20, 22, and 24 C, but not at 28 C, and the difference be¬ 
tween resistant and susceptible interactions is optimal^ at 20 C (Helge- 
son et al., 1972). Soybean callus tissues express resistance to m in¬ 
compatible race of Pmg at 16 and 20 C, but not at 24 or 28 C (Holli¬ 
day and Klarman, 1979). In the potato/P. irfestans system the greatest 
difference in tissue reactions occurs at 20 C, while at 12 and 16 C, 
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susceptible callus tissues appear resistant, and at 24 C, resistant callus 
tissues are colonized (Campbell, 1979). Therefore, the host-pathogen 
interaction should be tested at a rai^e of temperatures to determine 
the temperature at which the best differential between resistant and 
susceptible host tissue is expressed. 

Little information is available concerning the effect of temperature 
on phytoalexin accumulation, although a recent report (Ersek and Szi- 
raki, 1980) indicates that phytoalexin accumulation in callus tissue is 
influenced by temperature. In that study production of rishitin and 
phytuberin by potato callus tissue in response to cell-free hyphal homo¬ 
genates of P. iiifestons was higher at 20 C than at 28 C, a phenome¬ 
non also observed in potato tuber slices (Currier and Kuc, 1975). 


Light 

The effects of light regime on the expression of disease resistance in 
tissue cultures has not been fully documented. In the tobacco/Ppn sys¬ 
tem, several light regimes were tested and found not to be an import¬ 
ant factor (Helgeson et al., 1972). For studies on the induction of iso- 
flavonoid phytoalexins, cultures should be grown in the dark, since 
many of enzymes of flavonoid and isoflavonoid biosynthesis are induced 
by light (Grisebach and Hahlbroek, 1974; Heller et al., 1979). 


Protocol for Evaluation of Disease Resistance and Phytoalexin 
Accumulation in Alfalfa Callus Tissue Culture 

TISSUE CULTURE GROWTH MEDIUM. Tissue cultures are grown on 
modified SH medium (Schenk and Hildebrandt, 1972; Table 3). Only 
freshly prepared growth regulator solutions are used in each batch of 
medium. After appropriate amounts of concentrated solutions of 
inorganic elements, vitamins, and growth regulators are combined, 
inositol and sucrose are weighed and dissolved in the medium. The 
final volume is adjusted with distilled water, and the pH corrected to 
5.9 with 1 N NaOH. The agar is added and dissolved by steaming at 
100 C for a length of time determined by the volume of the medium. 
Then 40 ml aliquots of molten medium are dispensed into 150 ml 
medicine bottles that are capped, then sterilized at 121 C, 20 psi for 
20 min. The bottles are placed horizontally so that the medium is 
approxim.ately 1.5 cm thick and allowed to cool in a laminar flow hood 
to prevent contamination. Alternatively, the medium (40 ml) may be 
dispensed into 100 x 20 mm plastic petri dishes. After the medium has 
cooled and tissue cultures initiated, the dishes should be wrapped in 
parafilm to fffevent desiccation and contamination. 


INITIATION AND MAINTENANCE OF TISSUE CULTURES. AlMa 
tissue cultures are initiated from immature ovaries (Saunders and Bing¬ 
ham, 1972) from two alfalfa lines, one resistant (M194), the other sus¬ 
ceptible (M269) to Pmm. Flower buds 2-4 mm in length are surface 
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Table 3. Modified Sehenk-Hildebrandt Medium for Growth of Alfalfa 
Callus Tissue Cultures 



CONCENTRATION 


CONCENTRATION 

Major Elements 


Iron-EDTA 


KNOs 

0.025 M 

FeS04-7H20 

0.05 mM 

MgS04-7H20 

1.6 mM 

Na2EDTA 

0.05 mM 

NH 4 H 2 PO 4 

2.6 mM 

Vitamins 


CaCl 2 - 2 H 2 O 

1.8 mM 

Thiamine-HCl 

0.015 mM 

Minor Elements 


Nicotinic Acid 

0.04 mM 

MnS 04 -H 20 

0.06 mM 

Pyridoxine-HCl 

2.4 |iM 

H 3 BO 3 

0.08 mM 

Growth Regulators 


ZnS04■ 7 H 2 O 

3.5 ^iM 

2,4-D 

9.0 |iM 

KI 

0.012 mM 

KIN 

9.3 nM 

CuS04-5H20 

0.8 uM 

NAA 

11.0 ^M 

NaMo04-2H20 

0.4 uM 

Inositol 

5.5 mM 

CoC 1-6H2 0 
Sucrose 

0.4 (iM 

0.088 M 

Agar 

10 g/1 


sterilized by soaking 3 min in 9536 ethanol, then 3 min in 1.1^ sodium 
hypochlorite (a 1:5 dilution of commerci^ bleach), followed by two 
rinses in sterilized distilled water. Ovaries 1-2 mm in length are re¬ 
moved aseptically from the buds and transferred to SH medium. Cul¬ 
tures are grown in the dark at 21 ± 1 C for 4-6 weeks, then subdivi¬ 
ded into callus pieces 3-5 mm in diameter and transferred to fresh 
media. Cultures are grown under similar conditions for 4-6 weeks, 
until callus pieces are approximately 2 cm in diameter. These callus 
pieces are used in studies of fungal colonization and phytoalexin accu¬ 
mulation. 

ISOLATION AND MAINTENANCE OF FUNGAL CULTURES. The 
Pmg isolate (race 1, isolate 16) used in our system was obtained from 
C. R. Grau, University of Wisconsin, Madison. A pure culture of the 
alfalfa pathogen, Pmm, was isolated from Pmm-infested soil by baiting 
(Marks and Mitchell, 1970). This culture was induced to form zoospores 
(Irwin et al., 1979) which were plated on 236 water agar medium. Sin¬ 
gle, germinated cysts were selected and transferred to V-8 agar medi¬ 
um (Tuite, 1969); the isolate used in these studies (isolate 5b4) was 
selected from that population. Both Pmm and Pmg are maintained on 
V-8 agar at 22 ± 2 C in ambient light. Periodically, Pmm and Pmg 
are tested for pathogenicity on alfalfa and soybean, respectively (Klar- 
man and Gerdemann, 1963; Irwin et al., 1979). 


INOCULATION PROCEDURES. CaUus pieces of M269 or M194, 4-6 
week old, are inoculated with hyphae of Pmm or Pmg. Blocks of inocu¬ 
lum 1 mm^ are taken from the edge of 4-6-day-old colonies growing on 
V-8 medium. The excess agar is removed, and the inoculum blocks are 
placed on the top of callus pieces using a long-handled transfer needle. 
Inoculated callus tissues are maintained at 21 ± 1 C in the dark for 
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12, 24, 48, or 72 hr, when the callus pieces are removed from the bot¬ 
tles and hyphal development and phytoalexin accumulation are deter¬ 
mined. Noninoculated eaUus tissue pieces serve as controls. 


RATING WHOLE CALLUS PIECES. Callus pieces are evaluated daily 
for hyphal colonization and tissue discoloration. For hyphal coloniza¬ 
tion, the following rating system is used: 

0 = no aerial hyphae visible 

1 = aerial hyphae present on top 25% of callus piece 

2 = aerial hyphae present on top 50% of callus piece 

3 = aerial hyphae present on top 75% of callus piece 

4 = aerial hyphae present on entire callus piece 

A similar rating system is used to evaluate tissue discoloration. Rat¬ 
ings for colonization and discoloration in a typical experiment are pre¬ 
sented in Table 1. 

DETERMINATION OF HYPHAL DEVELOPMENT IN CALLUS TISSUE. 
Callus pieces (three replicates/treatment) are trimmed to 1 cm^, then 
sliced in half. One h^ is used to determine the extent of coloniza¬ 
tion, while colonized tissue from the other half is used in medicarpin 
quantification. To determine the level of colonization, the halved cal¬ 
lus pieces are divided horizontally into four equal slices; each slice is 
mounted on a glass slide and stained with lactophenol cotton blue (10 
g phenol, 10 ml glycerine, 10 ml lactic acid, 0.02 g aniline blue, and 
10 ml distilled water). Slides are examined using a dissecting micro¬ 
scope (20x magnification), and colonization is rated subjectively on a 
zero to five scale. A value of zero is assigned to tissue slices where 
no hyphae are present, and a value of five to slices in which the 
hyphae form a thick mat. Figure 2 depicts the level of colonization in 
slices of M269 and M194 callus tissue inoculated with Pmm or Pmg and 
in noninoculated controls, 72 hr after inoculation. 


Phytoalexin Quantification 

EXTRACTION. All organic solvents used in phytoalexin extraction 
and analysis (ethanol, chloroform, and methanol) are purified by filtra¬ 
tion through aluminum oxide, followed by redistillation. Water is puri¬ 
fied by reverse osmosis and subsequent filtration in a Milli-Q Water 
Purification System (Millipore Corp., Bedford, MA, 10730). 

After the extent of colonization has been determined in half of each 
callus piece, the colonized portion of the remainir^ half (lOCHSOO mg) 
is placed in a preweighed test tube, and the fresh weight is deter¬ 
mined, Then 5 ml 95% ethanol are added to the tissue, and the sam¬ 
ples are allowed to stand at 22 ± 2 C for 48 hr. All samples 
then stored in the freezer until the extraction procedure is continued. 
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Samples are allowed to warm to room temperature and the tissue and 
ethanol are transferred to a 90 ml cup of a SorvaU Omni Mixer (DuPont 
Instruments, Newtown, CT, 06470). An additional 10 ml of ethanol are 
used to rinse the sample tube (five 2 ml rinses) and are added to the 
cup. The tissue is ground at high speed for 15 sec, in three, 5 sec 
intervals. Samples are filtered by vacuum through a 5.5 cm Hirsch 
funnel containing Whatman #50 filter paper directly into a 100 ml eva¬ 
porating flask; the cup is rinsed with five 2 ml volumes of ethanol, 
which are added to the filtrate. Five ml of water are added to the 
filtrate, which then is reduced to the aqueous phase under vacuum at 
40 C. The aqueous phase is partitioned three times with three vol¬ 
umes of chloroform (total of nine volumes) in a 250 ml separatory fun¬ 
nel equipped with a Teflon stopcock. The chloroform phase is reduced 
to dryness under vacuum at 40 C; the residue is redissolved in five 0.2 
ml aliquots of chloroform, which are transferred to a 1 ml glass syringe 
attached to a silica Sep-pak cartridge (Waters Associates, Inc. Milford, 
MA 01757) that has been rinsed previously with 10 ml chloroform. The 
Sep-pak cartridge is loaded with the sample, then eluted slowly (3 
ml/min) with 10 ml chloroform. The first 2 ml are discarded, and the 
remaining 8 ml collected and reduced to dryness under vacuum at 40 
C. The residue is dissolved in 1 ml methanol for analysis by high per¬ 
formance liquid chromatography (HPLC). The elution profiles from a 
silica Sep-pak cartridge for medicarpin, sativan, and vestitol are pre¬ 
sented in Fig. 4. Medicarpin and sativan elute from the Sep-pak in the 
first 10 ml, while vestitol remains on the cartridge. By collecting 
fractions 3 through 10, medicarpin and sativan can be separated from 
numerous interfering compounds (Fig. 5). The percentage recovery of 



Figure 4. Elution of medicarpin, sativan, and vestitol from a silica 
Sep-pak cartridge using chloroform as solvent. 
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Figure 5. HPLC chromatograms of an extract from alfalfa callus tissue 
(line M269) 72 hr after inoculation with Phytophthora megasperma f. sp. 
medicaginis. (a,c) Extract prior to purification by a silica Sep-pak car¬ 
tridge; (a) absorbance at 280 nm; (c) absorbance at 365 nm; (b,d) ex¬ 
tract after purification by silica Sep-pak cartridge; (b) absorbance at 
280 nm; (d) absorbance at 365 nm. I = medicarpin, II = sativan. Sol¬ 
vent systems methanol/dilute (1^) acetic acid (65/35, v/v); solvent flow 
rate; 1.5 ml/min; column: ^Bondapak Cis (Waters). 

medicarpin, determined by adding a known quantity of the phytoalexin 
to noninoculated callus tissue and proceeding with the procedure as 
described above, is approximately 85Ss. A higher percentage recovery 
of both medicarpin and sativan can be obtained by collecting fractions 
2 through 10 from the Sep-pak cartridge. 

Since any vestitol present in callus tissue will not be detected with 
this procedure, crude chloroform extracts are reduced to dryness, redis¬ 
solved in methanol, and analyzed by HPLC. No vestitol (retention vol¬ 
ume = 8.0 ml) is detected in any of the callus tissues 72 hr after 
inoculation with Pmm or Pmg, or in noninoculated controls. 


HPLC ANALYSIS. Medicarpin and sativan are quantified from callus 
tissue extracts by HPLC usii^ Waters Associates, Inc. (Milford, MA 
01757) irffitruments (Model M45 and 6000A pumps. Model 660 solvent 
programmer, Model U6K universal injector) equipped with a 30-cm 
^Bondapak-Cis analytical column. Absorbance is measured simultane¬ 
ously at 280 and 365 nm with a Model 440 UV detector. The system 
is run isocratically, with methanol/dilute (1») acetic acid (65/35;v/v) as 
the solvent, at a flow rate of 1.5 ml/min. Medicarpin and sativan are 
resolved successfully using this system; the medicarpin peak appears 5.8 
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min after injection (retention volume = 14.7 ml). Retention volumes 
may vary somewhat, depending on the condition of the column and/or 
the length of connective tubing in the system. Mediearpin and sativan 
concentrations are calculated from the area under their respective 
peaks using standard curves. Three injections are made per replicate 
for each treatment. 

Using these procedures, we have been able to detect mediearpin and 
sativan in callus tissues in concentrations as low as 1 Mg/g fresh 
weight tissue and 0.4 |ig/g fresh weight tissue, respectively. At the 
highest sensitivity, nanogram amounts (10-20 ng/injected sample) of 
mediearpin and sativan can be detected. 


Bioassay for Antifungal Compounds 

Compounds in addition to mediearpin and sativan with antifungal 
activity can be detected in colonized tissue using a thin layer chroma¬ 
tography <TLC) - Cladosporium bioassay (Homans and Fuchs, 1970; Bail¬ 
ey and Burden, 1973). Colonized callus tissue is extracted as des¬ 
cribed above for HPLC analysis, except that after partitioning with 
chloroform, the chloroform is reduced to dryness and the residue is dis¬ 
solved in 30-50 ;d ethanol. Alternatively, ethanol extracts of the tis¬ 
sue may be reduced to a small volume (30-50 pi) and assayed directly 
(Helgeson and Haberlach, 1980). Ethanol extracts are spotted on TLC 
plates (SUica gel 60, E. Merck, Darmstadt, Germany) and developed in 
hexane/ethyl acetate/methanol (60/40/1, v/v/v). Plates are allowed to 
dry overnight, then are sprayed with a thin layer of molten potato 
dextrose agar (PDA). Care should be taken to keep the PDA layer 
relatively thin; the plates should be sprayed slowly and evenly, untU 
the surface glistens and appears somewhat grainy. The plates then are 
sprayed with a thin film of spores of Cladosporium cucumerinum EUis 
and Arth. The spore suspension is prepared using 4-6-day-old cultures 
of the fungus grown on PDA slants in the dark at 20 C. Approximate¬ 
ly 10 ml of a sucrose/salts medium (Table 4) is poured over each of 
five cultures, and the surface is rubbed with a glass rod or wire loop 
to dislodge the spores* The resulting suspension is filtered through 
three layers of cheesecloth and sprayed on agar-coated TLC plates. 
The plates are incubated horizontally for 3 days in covered plastic 


Table 4. Medium Used to Suspend Spores of Cladospertim cucim^tnum 
for TLO-Cladosporiiun Bioassay (Homans and Fucte, 1970) 


CONCENTRATION 

KH 2 PO 4 

0.05 M 

Na2HP04 

0.017 M 

KNO 3 

0.04 M 

MgS 04 • 7 H 2 O 

4.0 mM 

NaCl 

0.017 M 

Sucrose 

0.15 M 
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boxes lined with moist paper towels. Zones of inhibition appear as 
white areas in an olive green background. 


FUTURE PROSPECTS 

Each type of tissue or cell culture has provided excellent model sys¬ 
tems for the study of specific aspects of plant disease resistance. Sus¬ 
pension cultures have been particularly advantageous in studies on the 
induction and regulation of phytoalexin biosynthesis; further studies 
should result in a clearer understanding of these processes and help de¬ 
lineate the enzymes and intermediates involved in phytoalexin biosyn¬ 
thetic pathways. These systems should also be useful in the isolation 
and characterization of pathogen-produced compounds that induce 
accumulation of phytoalexins. However, as previously noted, care must 
be taken to guard against possible changes in cultured cells that may 
alter their responses to these compounds. 

Studies with callus tissue culture systems have demonstrated that 
resistance to plant pathogens is expressed in vitro, and that, in at 
least one system (tobacco/Ppn), the same resistance gene that is ex¬ 
pressed in the intact plant is expressed in callus tissue. These findings 
indicate that callus tissue culture systems are quite suitable for studies 
on the factors critically important in the expression of disease resist¬ 
ance. One such factor is thought to be the accumulation of inhibitory 
levels of phytoalexins in infected tissue; but in the tissue culture sys¬ 
tems that have been examined, phytoalexins do not appear to be pri¬ 
marily responsible for the expression of host resistance. Therefore, 
these systems should be utilized to investigate other, perhaps as yet 
unknown, mechanisms of disease resistance. 

Protoplasts have been utilized recently to investigate two areas of 
host-pathogen specificity: the interaction of race-specific toxins with 
plant cells and the effects of various pathogen-produced compounds on 
the induction of the hypersensitive response. Ultrastruetural and bio¬ 
chemical studies of corn (Zca mays L.) protoplasts treated with HmT 
toxin, a host-specific toxin produced by Helminthosporium maydis Nisik. 
and Miyake race T, have contributed strong evidence that mitochondria 
are the primary site of action of HmT toxin (Earle and Gracen, 1981). 
Addition^, studies with this system and others that utilize host-specific 
toxins should provide valuable insights into the mode of action of these 
toxins and mechanisms of resistance to them in plant cells. In the 
latter case Doke and Tomiyama {1980a,b) have utilized potato proto¬ 
plasts to investigate the mechanism(s) of race specificity in potato/P. 
irfestans interactions. Hyphal wall components nonspecificaUy elicit a 
hypersensitive reaction in potato protoplasts similar to the response ob¬ 
served in tuber cells infected with an incompatible race of P. inTestons 
(Doke and Tomiyama, 1980a). Water-soluble glucans isolated from hy- 
phae of compatible, but not incompatible races of P. irfestans suppress 
the hypersensitive reaction (Doke and Tomiyama, 1980b). The authors 
suggest that the suppressive effect of the glucans may be due to their 
occupation of elicitor binding sites in the protoplasmic membrane or to 
changes in the conformation of the receptor sites caused by the reac- 
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tion of the glucans with the membranes. The use of jH'otoplasts should 
facilitate further studies of host-pathogen specificity in this system, 
e.g., the demonstration of membrane binding by elieitors and the char¬ 
acterization of putative receptors in the plasma membrane. 

The expression of race-specific resistance in callus tissue cultures 
provides the opportunity to utilize simplified, controlled experimental 
systems to investigate factors critically important in the interaction of 
plants and plant pathogens. These interactions are likely, in many in¬ 
stances, to be highly complex (Heath, 1981b; BushneU and Rowell, 
1981), and in vitro systems may provide a means to separate and ident¬ 
ify the components of host-pathogen interactions that ultimately lead to 
compatibility or incompatibility. 
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CHAPTER 32 

Establishment of 
Nematode Gennplasm Banks 

R.M. Riedel, M. Alves de Lima, and M. Martin 


The inability to establish plant-parasitic nematodes in pure culture 
has seriously retarded the study of these organisms as plant pathogens. 
Two important areas of phytopathological research, establishment of 
pathogenicity and crop loss assessment, are particularly difficult to pur¬ 
sue when large populations of microbiologically sterile test organisms 
are not available. Prior to 1961, nematologists interested in such 
questions were limited to working either with convenient organisms 
such as species of Heterodera or Meloidogyne that package inoculum in 
discrete, easily obtained, and sterilized units, or to developing labori¬ 
ous techniques, frequently involving hand sorting, to extract inoculum 
of less convenient nematodes, those more promiscuous in habits of egg 
laying, for field or greenhouse pot cultures. 

Krusberg (1961) provided a breakthrough for those interested in some 
of the more important migratory parasites. Ample use has been made 
of this technique in a wide range of physiological, taxonomic, and path¬ 
ogenicity studies on nematodes. Monoxenie callus or excised root cul¬ 
tures are excellent sources for quantities of sterile, debris-free nema¬ 
todes for use in ultrastructural studies. In a thorough ultrastructural 
study of the body walls, vulval flap, intestine, esophagus, feeding appa¬ 
ratus, and spicules of Pratylenchus penetrans, monoxenie alfalfa callus 
cultures were used (Kisiel et al., 1972, 1974, 1976; Chen and Wen, 
1972; Wen and Chen, 1976). Similarly Wergin and Orion (1981) and 
Orion et al. (1980) used Meloidogyne incognita from excised tomato 
root culture for scanning electron microscopy work. 

Roman and Hirschmann (1969) cultured six species of Pratylenchus 
under standardized conditions on alfalfa callus to study inter- and 
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intraspecifie variations. Tarte and Mai (1976) used P. penetrans from 
single female lines cultured on alfalfa callus to study intraspecific vari¬ 
ation. Roman and TriantophyUou (1969) and Hung and Jenkins (1969) 
used species of Pratylenchus from tissue culture to study gametogenesis, 
oogenesis, and embryology as well as reproductive system morphology 
and anatomy. 

Tissue cultured nematodes have been used to study various aspects of 
biology. Thistlethwayte (1969) used P. penetrans from tissue culture to 
study duration of life cycle in a range of incubation temperatures. 
Adamo et al. (1976) studied migratory behavior of Afhelenchoides bes- 
seyi produced on Alternaria brassicae. Olowe and Corbett (1976) stud¬ 
ied vertical migration and histopathology of diseases caused by P. 
brachyurus and P. zeae from aseptic excised corn roots. Pratylenchus 
penetrans from alfalfa callus was used in studies of invasive behavior 
(Townshend, 1978). Mitsui et al. (1975) used alfalfa callus culture to 
study temperature effects on fecimdity of seven species of Pratylenchus. 
Eriksson (1972) used monoxenic culture to make reciprocal crosses of 
races of Ditylenchus dipsaci. Perry et al. (1980) used sterile culture to 
study mating between P. penetrans and P. fallax. 

Monoxenic cultures of nematodes are excellent sources of single 
species populations for physiological work, providing, for example, sup¬ 
plies of Ditylenchus dipsaci for studies of cell wall degrading enzymes 
(Riedel and Mai, 1971a,b) or P.penetrans, D. dipsaci, and Aphelenchoides 
ritzemabosi for respiration studies (Bhatt and Rohde, 1970). Monoxenic 
cultures of nematodes have been used in studies on mechanisms of ac¬ 
tion of nematicides (Abawi and Mai, 1978). Mass rearing of nematodes 
in tissue culture is a technique used extensively in industry to supply 
nematodes for nematicide screening programs. 

The use of monoxenieally cultured nematodes in important areas of 
agricultural research has not been fuUy exploited. For example, in 
selection of resistant breeding material, monoxenieally cultured nema¬ 
todes have been used on a smaU number of forage legumes (Bingefors 
and Bingefors, 1976; Eriksson, 1980; Faulkner et al., 1974) and onions 
(Bergquist and Riedel, 1972). In crop loss assessment studies use of 
cultured nematodes is restricted to a few greenhouses and growth 
chamber tests. Field work with nematodes from monoxenic culture is 
almost untried (Martin et al., 1982). 

To some extent this underutilization results from the limited number 
of species of plant-parasitic nematodes maintained in culture. In some 
part it results from the lack of information concerning methods and 
materials required for implementation of the technique. The object of 
this chapter is a compilation of such information necessary for the es¬ 
tablishment and use of a collection of monoxenieally cultured plant- 
parasitic nematodes. The techniques included here are those that are 
in general use in a number of laboratories and are known to perform 
satisfactorily in a number of different conditions. All these methods 
have undergone minor variations in the hands of different workers. No 
attempt has been made here to include all these variations. 

If by assembling these techniques here more people are induced to 
culture nematodes and more research on practical methods for culture 
of additional nematode species is stimulated, the chapter may in some 
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way also serve to eliminate what has become a major obstacle to the 
study of plant parasitic nematodes. 


ESTABLISHMENT OF CULTURES 
Tissues Used to Culture Nematodes 

A list of 41 species of plant parasitic nematodes cultured on plant 
tissues was included in a recent review (Krusberg and Babineau, 1977). 
Plant tissue used as substrate was drawn from 39 species of angio- 
sperms and included tuber, pith, excised roots, seedling, and callus 
tissues; not callus by the definition of Street (1977), but rather a fri¬ 
able mass of plant cells arising from excised plant tissues or whole 
seedlings treated with plant growth promoters, usually 2,4-D (Krusberg 
and Babineau, 1977). 

Nematodes are most commonly and successfully propagated on alfalfa 
callus. Four species of ApheZenchoides; one species each of ApheZen- 
chus, BursapheZenchus, Hoplolaimus, Radoptiolus, and Telotylenchus; 
three of Ditylenchus', eight of Pratylenchus’, and three of Tylenchorhyn- 
chus have been propagated on alfalfa callus tissue (Krusberg and Babi¬ 
neau, 1977). Six additional species of Pratylenchus, P. scribneri (Roman 
and Hirschmann, 1977); P. pinguicaudatus (Corbett, 1969); P. crenatus 
and P. loosi (Mitsui et al., 1975); P. con-vallariae (Mitsui, 1977); and P. 
agilis (Krusberg, personal communication) have more recently been 
successfully cultured on alfalfa callus. Tylenchorhynchus vulgaris has 
been cultured on both eaUus and excised root tissue of corn (Upadhyay 
and Swarup, 1974). Researchers reported almost two times greater re¬ 
production on corn callus as on corn roots. Bursaphelenchus xylophUus 
has been cultured on pine caUus tissues (Tamura and Mamiya, 1979). 

Although alfalfa callus seems to be the most suitable substrate for 
most of the culturable migratory ecto- and endoparasites, this may only 
reflect the fact that few nematode species have been cultured, and of 
those nematodes cultured, Pratylenchus species (14 cultured on alfalfa 
eaUus), which have a polyphagous nature, predominate. Yet even with¬ 
in the genus Pratylenchus there is some evidence that alfalfa callus is 
not the best substrate for all species. Mitsui et al. (1975), in compar¬ 
ing propagation ratios of eight species of Pratylenchus, found consider¬ 
ably lower populations of P. crenatus and P. convallariae on alfalfa cal¬ 
lus. Work done in our laboratory comparing reproduction of four spec¬ 
ies of Pratylenchus (Table 1) has confirmed this evidence for P. crenat¬ 
us, which showed significantly lower reproduction. Since P. crenatus 
has a mostly graminaceous host range (Loof, 1978) and P. convallariae 
develops almost exclusively in Convdllaria rhizomes (Loof, 1978), it is 
not surprising that alfalfa was not a good host. To expand on this, 
there is no doubt that if reproductive rates of more species of the 
genera of the endo- and ectomigratory parasites already cultured are 
compared, alfalfa callus probably will not remain the best host sub¬ 
strate. 

In contrast to the ecto- and endomigratory parasites, sedentary 
endoparasites such as Heterodera, Meloidogyne, and Nacobbus have 
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been cultured almost exclusively on excised roots and seedlings 
(Krusberg and Babineau, 1977), Tanda et al. (1980) reported that okra 
callus supported Meloidogyne incognita. However, the nematode did 
not reproduce well, and its life cycle was retarded. They concluded 
that this substrate was not practical for maintenance of M. incognita. 
Most recently Lauritis et al. (1981) reported successful excised root 
culture of Heterodera glycinia on soybean, while Rebois and Lauritis 
(1981) reported good reproduction of Rotylenchulus reniformis on tomato 
roots. 

Fungal feeders such as species of Aphelenchoides and Aphelenchus 
avenae may be cultured on a wide range of fungi on axenic culture 
(Katznelson and Henderson, 1964; Pillai and Taylor, 1968; Shafer et al., 
1981; Vanfleteren, 1978). Few stylet-bearing nematodes have been 
reared successfully in axenic culture. Myers (1967, 1968, 1971) and 
Bueeher et al. (1970) cultured Aphelenchoides sacchart on a medium of 
relatively defined character. Bursaphelenchus xylophilus develops useful 
populations on Caenorhabditis medium containing heme (Dropkin, person¬ 
al communication). Andreeva (1974) and Tarakanov (1974, 1975) repor¬ 
ted successful axenic culture of potato rot nematode, Ditylenchus de¬ 
structor. Components used by these researchers in their support media 
are not known. While axenic culture of stylet-bearing nematodes is the 
ultimate goal for plant nematologists interested in this area, the meth¬ 
ods existing are not generally useful in practice. 


Seed Selection and Treatment 

Since many plant parasitic nematodes cultured to date can be main¬ 
tained on alfalfa callus, the methods detailed here are specific for this 
host. Protocols described here for alfalfa can be easily adapted to 
other host plant species. Schematic representations of these methods 
are presented in Tables 2, 3, and 4. As a general reference for tech¬ 
niques of obtaining other kinds of tissue under aseptic conditions see 
Yeoman and Macleod (1977). 


SELECTION. Selection of high-quality seeds is important for success 
in subsequent steps in establishment of nematode cultures (Viglierchio 
et al., 1973). Seeds must have high germination rates and be as free 
as possible of contaminating internal bacteria and fur^i. In the United 
States alfalfa produced in drier areas of Western states is more likely 
to meet these criteria than are Eastern-grown seeds. Faulkner et al. 
(1974) suggested seed quality is improved by grading for size. They 
use seed retained on 16 mesh (1.19 mm pore size) screen. 


TREATMENT. Pretreatment of seeds with heat is usually good insur¬ 
ance for success of future steps. Dry seeds of Ranger variety alfalfa 
can be rid of internal bacteria by a 10 min soak in hot water at 61 C. 
Faulkner et al. (1974) treat Du^it, Vernal, or Team varieties in hot 
water for 1 min at 90 C. In general, time and temperature combina- 
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tions are adjusted for contaminant-variety combination on the basis of 
experience. Seeds must be quickly cooled after treatment. Subsequent 
sterilization procedures frequently involve strong mineral acids. Hot- 
water-treated seeds must be thoroughly dried before subjecting them to 
acid treatments if serious damage to them is to be avoided. 

To produce sterile seedlings from heat-treated seeds, surface sterili¬ 
zation of seeds prior to germination is necessary. The process varies 
from the simple to the complex, depending upon seed coat qualities and 
worker experience. 

Eriksson (1972) surface sterilized with concentrated sulfuric acid for 
10-20 min followed by a rinse of sterile, distilled water. We prefer a 
more complex procedure consisting of a 15 min bath in concentrated 
sulfuric acid (36 N), followed by three rinses in sterile, distilled water, 
a 15 min soak in 1:1000 HgCb in 3056 ethanol, and three final rinses 
in sterile, distilled water. Sulfuric acid in these procedures scarifies 
the seed while sterilizing them and improves germination. When 
sulfuric acid is used, care must be taken to drain the seeds of the 
majority of acid before rinsing and to make the volume of rinse water 
sufficiently large so that seeds are not overheated in the exothermic 
reaction of acid and water. Mercury vapors can be evolved from 
alcoholic solutions of HgC^. This solution should be used in good 
ventilation only. 

Many workers prefer to surface sterilize with antibiotic solutions. 
Characteristic of these procedures is that used by Faulkner et al. 
(1974). They recommend that wet seeds immediately after heat treat¬ 
ment be soaked for 30 min in a solution of oxytetraeycline hydroxide; 
streptomycin sulfate:captan (250 mg each in 200 ml water) mixed with 
ampicillin trihydrate:furazolidone solution (250 [ng;100 mg in^ 100 ml 
water). This is followed by a bath in 1:500 HgCl 2 for 2 min and a 
final rinse in sterile distilled water. 

We prefer not to use antibiotic solutions, because they tend to be 
bacteriostatic rather than bacteriocidal; they are rather expensive; and 
they are time consuming to prepare, especially since they generally 
must be prepared and used fresh each time seeds are sterilized. 


CALLUS PRODUCTION. Surface-sterilized seeds are germinated to 
produce the plant organs from which callus will be [M-oduced. Seeds 
can be germinated on water agar (Eriksson, 1972) or other media that 
win aid in detection of contaminatir® microorganisms. Callusing media 
lacking growth factors are particularly suitable for this purpose, since 
these media are present in the environment in which contaminants are 
most likely to be active during the life of the cultures. I^tato dex¬ 
trose agar or nutrient agar are used for this purpose as welL WhM 
seeds are germinated in conditions in which contaminants may not be 
apparent, dips of antibiotic solutions can help prevent inclusion of con- 

sLd*^g^erally produces useful amounts of hypocotyl tissue 
after 7 days at room temperature (ca., 21 C) when 
photoperioS. When incubated for shorter periods or at ^igh tem^ra 
toe ^25 C) less tissue is developed which will eaUus. Incubation 



886 Modifications and Applications 

periods shorter than 7 days may "mask" slow-growing contaminants, 
while longer incubation periods allow for extensive root development, 
making subsequent transfer operations difficult. For a thorough study 
on how to deal with persistant bacterial contamination in alfalfa and 
clover seed lots, see Viglierchio et al. (1973). 


Callusing Media 

For 20 years researchers at Uppsala, Sweden, have used a highly 
modified Knop^ solution (Table 2) to culture several races of Ditylen- 
chws dipsaci, D. destructor, Aphelenchoides ritzemdbosi, and A. frag- 
ariae on alfalfa and red clover callus (Eriksson, 1972; Bingefors and 
Bingefors, 1976). They regularly inoculate each culture tube with 
1000-3000 D. dipsaci and within 8 weeks obtain 14,000-40,000 nema¬ 
todes. 

Krusberg (1961) modified Hildebrandt et al. Medium (1946) (Table 2) 
for use in callusing alfalfa seedlings on which D, dipsaci, A. ritzemabo- 
si, Pratylenctms zeae, and P. penetrans were successfully cultured. Re¬ 
production of Hoplolaimus coronatus and Tylenchorhynchus capitatus 
was slow on alfalfa callus on this culture medium (Krusberg, 1961). In 
the intervening 20 years many researchers have reported using Krusberg 
medium (Lownsbery et al., 1967; Bhatt and Rohde, 1970; Sontirat and 
Chapman, 1970; Thistlethwayte, 1970; Riedel and Mai, 1971a,b; Vig¬ 
lierchio et al., 1973; Mitsui, 1977). 

Media containing White's macro- and micronutrient solution (WH) 
(Table 2) have been widely used to grow excised roots which may be 
used for the culture of some plant parasitic nematodes (Perry et al., 
1980; Mountain, 1955; Upadhyay and Swarup, 1972). Faulkner et al. 
(1974) used a modified WH with the addition of 2,4-D and NAA to 
callus alfalfa for mass rearing of D. dipsaci. 

Because a major drawback to rearing nematodes in tissue culture was 
the complexity of available media, a simpler medium (Riedel et al., 
1972) was developed for the culture of P. penetrans and D. dipsaci on 
alfalfa callus (Table 2). When first reported, this 4-eomponent medium 
contained 5 g/1 of yeast extract. Yeast extract concentrations of 1-2 
gA were shown later to improve reproduction of P. penetrans on this 
medium (Riedel et al., 1972). Reproduction of Pratylenchus penetrans 
on callus tissues grown on this medium was not further improved at 
lower concentrations of yeast extract (Table 3). Under closely stan¬ 
dardized culture conditions the reproduction of P. penetrans on the 
simplified agar compares favorably to that found on more complex 
medium. With the use of alfalfa callused on Krusberg's medium at 23 
C, Riedel and Foster (1970) reported an average of 36,000 P. 
penetroTTs/lS mm culture tube after 8 weeks. In our laboratory, usit^ 
alfalfa callused on simplified medium at 20 C, we produce an average 
of 35,000 P. penetrans/25 mm culture tube, (range = 22,000 to 56,000) 
after 8 weeks. Pratylenchus penetrans, P. crenatus, A scribneri, P. 
agUis, P. brachyurus, Aphelenchoides fragariae, A. ritzemabosi, and 
Ditylenchus dipsaci also reproduce well on this medium in our laborar 
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tory. Bursaphelenchus xylophilus has been maintained on it also (Ta- 
mura and Mamiya, 1979). 


Table 2. Components of Four Nutrient Media Used To Culture Plant 
Tissues on Which Nematodes Feed 


COMPONENT 

WH1TE‘ 

(mgA) 

KRUSBERG^ 

(mg/1) 

BINGEFORS^ 

(mg/1) 

RIEDEL* 

(mg/1) 

Na2S04 

200 

800 

- 

- 

Ca(N03)-4H20 

300 

400 

500 

- 

MgS04-7H20 

750 

180 

125 

- 

KNO 3 

80 

80 

125 


KCl 

65 

65 

- 

- 

KH 2 PO 4 

- 

- 

125 

- 

NaH 2 P 04 - 2 H 20 

19 

33 

- 


MnS04-4H20 

20 

4.5 

- 


MnCl2-4H20 

- 

- 

0.360 

- 

ZnS04'7H20 

12 

6 

0.044 

- 

H 3 BO 3 

6 

0.375 

1 

“ 

KI 

3 

3 

“ 

” 

FeS04•7HzO 

- 

- 

3.3 

" 

Fe2(C4H4O6)-3H20 

2.5 

40 

“ 

• 

CuS04'5H20 

0.4 

- 

0.016 

" 

M 0 O 3 

0.004 

- 

- 


Na 2 Mo 04 - 2 H 2 O 

- 

- 

0.025 

" 

Yeast extract 

- 

- 

- 

1000 

Glycine 

3 

3 

3 

“ 

Thiamine-HCl 

0.1 

0.1 

0.1 


Nicotinic acid 

0.5 

- 

0.5 

*• 

Pyridoxine 

0.1 

- 

0.1 


Calcium pantho- 
tenate 

' 

2.5 



NAA 

0.1 

0.1 



2,4-D 

2 

2 

2 

2 

CW (ml/l) 

- 

150 

140 


Sucrose (g/1) 

10 

10 

11 

10 

Agar (gA) 

20 

20 

20 

10 


^White, 1963 
^Krusberg, 1961 

^Eriksson, 1972; Bingefors and Bingefors, 1976 
‘‘Riedel et al., 1973 


Some researchers studying the influence of plant growth hormones on 
reproduction of plant parasitic nematodes in culture found that there 
was a positive correlation between caUus growth and reproduction of 
Aphelenchoides ritzemabosi (Webster and Lowe, 1966; DoJJ'ver et 
1962) and Ditylenchus dipsaci (Viglierchio et al., 1973). On the other 
wohQtpr fi967) reported that the greatest number of A. ntzema- 
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bosi was not produced by the treatments that gave the most plant tis¬ 
sue. Krusberg and Blickenstaff (1964), while studying reproduction of 
D. dipsaci, Pratylenchus penetrans, and P. zeae on alfalfa tissue cul¬ 
tures, concluded that medium supporting best callus tissue growth was 
not necessarily best for nematode reproduction. Work done in our lab¬ 
oratory with P. penetrans supports the latter findings. Cultures of four 
different plant tissues, alfalfa seedlings, pea roots, carrot discs, and 
potato tuber discs growing for 7 weeks on simplified medium and on a 
modified MS (Murashige and Skoog, 1962) medium showed growth on MS 
medium two to four times heavier than similar cultures on simplified 
medium (Table 4). Nematode reproduction, however, was consistently 
better on the simplified medium. 


Table 3. Reproduction of Pratylenchus penetrans on Alfalfa Callus 

Cultured on Riedel's et al. (1973) Medium with Three Levels 
of Yeast Extract 


DAYS AFTER 
INOCULATION 

0.0 

GRAMS YEAST EXTRACT/LITER 

0.5 1.0 

20 

56' b^ 

138 a 

130 a 

40 

74 b 

220 a 

354 a 

60 

153 b 

673 a 

1097 a 

80 

490 b 

1339 a 

2816 a 


1 Values are the mean number of nematodes in 10 cultures, where each 
culture consists of callus from three alfalfa seedlings. 

^Values within the same horizontal line followed by the same letters 
are not significantly different according to Duncan's multiple range test 
at P = 0.01. 


Incubation Conditions 

Temperature is a very important aspect of incubation environment, 
and it can be manipulated to accomplish various ends. Lownsbery et 
al. (1967) reported that Pratylenchus vulnus cultured on alfalfa callus 
increased more rapidly at 25 C than at 20 C and did not increase at 
30 or 35 C. High populations could be maintained longer at 15 or 10 
C than at 5, 20, or 25 C. Faulkner et al. (1974) reported optimal 
temperature of 20-25 C for population increase of Ditylenchus dipsaci 
on alfalfa callus. Mitsui et al. (1975) studied the effect of temperature 
on the propagation of seven species of Pratylenchus. For this study 
they established seven isolates of P. penetrans in monoxenic alfalfa cal¬ 
lus, five of P. loosi, and one each of P. crenatus, P. coffeae, and P- 
zeae. Highest populations of P. penetrans, P. fallax, three isolates of 
P. vulnus, P. loosi, and P. crenatus developed at 25 C. A fourth iso¬ 
late of P. vulnus reproduced optimally at 25-30 C. Optimum tempera¬ 
tures for reproduction of P. ccffeae and P. zeae was 25-32 and 29-34 
C, respectively. 
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While in most cases larger populations are achieved more rapidly at 
higher temperatures, such cultures, generally, will decline rapidly 
(Faulkner et al., 1974; Lownsbery et al., 1967). For purposes of main¬ 
tenance and routine subculture, cooler incubation temperatures prevent 
rapid buildup and depletion of medium and extend the period of time 
between subcultures. On a routine basis we incubate our cultures of 
Pratylenchus, Ditylenchus, and Aphelenchoides at 20 C. This tempera¬ 
ture is suitable for both maintenance and good reproduction. 

Olowe and Corbett (1976) compared the effect of temperature (5, 10, 
15, 20, 25, 30, and 35 C) on generation time and reproduction rates of 
Pratylenchus In-achyurus and P. zeae on excised maize roots. Genera¬ 
tion time differed for the two species. At 15 C the generation time of 
P. brachyurus was 14 weeks and that of P. zeae, 12 weeks. P. zeae 
developed faster than P. brachyurus at aU temperatures. Both devel¬ 
oped fastest at 30 and 35 C, P. brachyurus completir^ one generation 
in 4 weeks and P. zeae in 3 weeks. At 5 or 10 C a generation was 
not completed within 14 weeks for either species. At 5, 10, and 15 C 
reproduction rates did not increase, the number remaining close to the 
inoculum added initially. For both species, final populations after 90 
days of culture were highest at 30 C. 


Subculturing 

Faulkner et al. (1974) inoculated new callus cultures in 120 ml 
French square widemouthed bottles with 3 ml of a suspension contain¬ 
ing 20,000-30,000 nematodes. Nematodes were dispensed with a Corn¬ 
wall continuous pipetting syringe. We use 0.2 ml of nematode suspen¬ 
sion per 30 ml French square dispensed with a Finnpipette (Ky Finni- 
pipette, Helsinki, Finland). An aseptic nematode suspension can be 
prepared by adding sterile water to infested callus in the original 
culture containers or by extracting nematodes in Tiner Traps (Tiner, 
1961) or sterilized modified Baermann Funnels. For research purposes 
when numbers of nematodes in inoculum must be known, counts of rep¬ 
resentative aliquots can be made. 

Alternatively, new callus cultures can be started with bits of infe(^ 
ted callus tissue. Bii^efors adds 1000-3000 nematodes per culture in 
25 X 150 mm tubes using this technique (Bingefors and Bingefors, 1976). 
Subcultures are routinely infested in our laboratory by this method also 
(Martin et al., 1982). Because populations in infected tissue inoculum 
vary with age of culture and species, nematode numbers in inoculum 
are roughly adjusted by the size of callus tissue bits transferred to 
new cultures. For example, larger pieces of callus inoculum must be 
transferred from cultures of a given age of Pratylenchus crenatus 
instead of equal age cultures of P. scribneri because of the differing 
reproduction rates of the two species on alfalfa callus (see Table 1). 

Length of time between subculture transfers is species specific. At 
20 C, Aphelenchoides must be subcultured at 2 months or cultures 
rapidly decline. Pratylenchus is subcultured at 3 month intervals at 20 
C as a standard practice, but can easily go over 1 year between sub¬ 
cultures. Pratylenchus tubes are used routinely at 3 months for inocu¬ 
lum in field tests. 
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Extraction To Produce Aseptic Nematodes 

Faulkner et al. (1974) extract aseptic nematodes from culture with 
the aid of antibiotic solutions. Contents of culture bottles are emptied 
onto Kimwipe (type 900 L) tissue on a 20 cm diameter sieve (pore size, 
0.5 mm) and rested in a 30 cm diameter, unsterilized plastic wash 
basin. Tapwater is added to cover plant tissue and is decanted twice 
daily for 48 hr. AU extracted nematodes are collected in a 1 liter 
Erlenmeyer flask resting in a slanted position. After nematodes have 
settled for at least 2 hours, the water is siphoned to concentrate the 
nematodes into about 100 ml. Afterward, 100 ml of 1:500 HgCl 2 in 
aqueous solution is added, and the mixture is agitated for 15 min. 
Following this, 700 ml of sterile distilled water is added. Mt^ settl¬ 
ing for 2 hr, 800 ml of the supernatant is siphoned. TTiis rinsing pro¬ 
cedure is repeated, leavir^ nematodes again concentrated in about 100 
ml. An equal volume of antibiotic stock solutions is added to the 
nematode suspension which serves as inoculum. Populations are adjus¬ 
ted by adjusting the volume of this suspension with half strength anti¬ 
biotic solution. 

Bingefors and Bingefors (1976) and Eriksson (1972) extracted nema¬ 
tode 6-7 weeks after inoculation of cultures by pourii^ water into the 
culture tubes that were covered with filter paper (Ederol 261). Cov¬ 
ered tubes were inverted in a watch glass with water, and left for 20- 
24 hr. Tubes were shaken periodically during extraction. Nematodes 
pass through the filter paper and are collected in the water under the 
test tube. If extraction proceeds for more than 24 hr, 10-15^ more 
nematodes are obtained. 

We customarily collect aseptic nematodes usir^ Baermann^ funnels 
made from 23 cm diameter pie pans. When aseptic inoculum is des^- 
able, the pie pans are steam sterilized inside paper bags at 120 C for 
15 min. As a further precaution against contamination, nematodes can 
be extracted in sterile distilled water, to which Merthiolate solution 
(Eli Lilly Co.) (8 ml/200 ml water) has been added. Nematodes are 
generally extracted from the cultures for 24 hr. The pie-pan assem¬ 
blies are stored in a laminar flow transfer chamber during the extrac¬ 
tion period. 


Containers 

Many kinds of containers can be adapted for nematodes c^tured in 
callus tissue culture. Each container has advantages and disadvant¬ 
ages. In our laboratory, 25 x 150 mm tubes with plastic caps 
for mass rearir^ of all Pratylenchus, Ditylenchus, and Aphelenchoides 
species as weU as for routine culture maintenance. Tubes are space 
efficient and easily manipulated throughout the cidtee process, prov^e 
fairly good visibility, and are easily emptied of their 
tubes generally contain 8-12 alfalfa seedlings on 14 ml of slanted c^ 
ture medium. Many more seedlings could be used in these containers, 
however. 
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For research on tissue culture methods of Pratylenchus, 30 ml French 
square Bottles have been used. They have the advantage of easy hand¬ 
ling and storage, but the disadvantage of poor visibility, if close obser¬ 
vation of the cultures is necessary. 

Plastic petri dishes have been used when close periodic observations 
of the cultures are necessary. However, petri dishes become contami¬ 
nated more frequently than tubes or bottles, even when sealed with 
parafilm (American Can Co., Dixie/Marathon, Greenwich, CT). Petri 
dishes, however, are readily available, and easy to manipulate and 
store. 

Current research (authors' unpublished data) comparing reproduction 
in cultures sealed with PVC films in place of caps indicate no differ¬ 
ences in population development when PVC film is used. This tech¬ 
nique has been used successfully in plant cell culture work (Sondahl, 
personal communication). Increased gas exchange fostered by the use 
of PVC film does not appear to enhance culture efficiency, however. 

Nematode Sterilization 

Starting callus cultures from single, field-coUected nematodes necessi¬ 
tates surface sterilization of specimen nematodes. A number of dif¬ 
ferent methods have been used for nematode sterilization (Zuckerman, 
1971). 

Jones (1980) grouped sterilization methods according to nematode 
size. For large, mainly migratory nematodes such as species of Xiphin- 
ema, Aphelenchoides, and Ditylenchus he recommends nematodes be 
passed singly through different solutions using microneedles or mounted 
eye-lashes to handle specimens. For small nematodes, sedentary juven¬ 
ile and eggs, washing and sedimentation in capped, conical, glass cen¬ 
trifuge tubes are recommended. 

Faulkner and Darling (1961) surface sterilized nematodes by allowii^ 
nematodes to "walk" on sterile petri dishes containing acidified potato 
dextrose agar. After 4-5 days of incubation on this medium, gravid fe¬ 
males were transferred through three baths of sterile, distilled water 
and then placed in culture. 

Bingefors and Bingefors (1976) sterilized nematodes extracted from 
young greenhouse plants that had been inoculated previously with field- 
collected nematodes. The nematodes were axenized with 0.5^ hibitane 
diacetate (bis (p-chlorophenyl diguanido) hexane diacetate) for 15-20 
min and then rinsed in sterile distilled water. The transfer was 
accomplished by placing the nematodes, mostly 20-30 per tube, in a 
drop of sterile water suspended from the tip of a sterile needle fitted 
to a hypodermic syringe held in the required position by a specially 
adapted retort-stand. A culture tube with callus tissue was brought up 
over the needle and the drop of water with nematodes placed on the 
top of the callus piece by depressing the piston of the syringe, "niese 
transfers were carried out in a sterile transfer box equipped with a 
dissecting microscope (Eriksson, 1972). 

In our laboratory Aphelenchoides and Ditylenchus are sterilized in 
large numbers by repeated centrifugation and rinsing in Merthiolate (Eli 
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Lilly Co.) (8 ml/200 ml sterile water). Soil nematodes are extracted 
by a modified Baermann funnel technique and singly sterilized by pass¬ 
ing through aqueous Merthiolate solution in sterilized FBI dishes closed 
with 25 mm^ cover slips. Four changes of solutions at 1 hr intervals 
are used. We have had good success passing single specimens through 
three baths of sterile, distilled water, one bath of 0.1^ streptomycin 
sulfate and three final rinses of sterile, distilled water (Mountain, 
1955). Nematodes should remain in the antibiotic for at least 15 min. 


USE IN FIELD PLOTS 


Nematodes can be reared in sufficient numbers and with sufficient 
ease in monoxenic culture to permit their use in field tests. Illustra¬ 
tive of this is work in mieroplots to evaluate the effects of Pratylen- 
chus on the development of VerticUlium Wilt in potatoes (Martin et al., 
1982). The techniques would as easily fit test protocols for studies of 
crop loss and intrageneric competition of species on crop plants in field 
situations. , . „ j 

The primary problems surrounding the use of monoxenically cultured 
nematodes in field situations involved techniques to ejrtract nematodes 
from cultures in a viable condition and to infest quantities of soil with 
precalculated reproducible populations of nematodes. These problems 
can be avoided by not extracting nematodes from cultures, instead add¬ 
ing cultures directly to soil as described below and in the Protocol. 

Nematode inoculum is prepared by emptying the agar and callie tis¬ 
sue contents of each of 16, 25 x 150 mm tubes of cultures into a 
Waring blender. Each tube is rinsed with 1 ml of tapwater to ensure 
complete eoUeetion of nematode aggregations from tube walls. In 
blending the tube contents, the blender switch is flipped on and off as 
rapidly as possible. The contents are stirred by hand and blended once 
more by flipping the blender switch. This results in a semihomogeno^ 
mixture of callus and media and 0.5-1 cm segments of uncaUused ^alfa 
seedlings. Complete homogenization would result in the destruction of 
too many nematodes. The blending steps are repeated for each ba c 


of 16 tubes* , in T 4 . 

Blended contents of 64 culture tubes are added directly to 10 liters 
of fumigated soil and mixed well by hand. This results in 10 liters of 
highly concentrated, nematode-infested sofl. The moisture content of 
the soil should be slightly less than potting consKtency when this is 
added. Soil too wet will become sticky and be difficult to use. t>oii 
that is too dry when homogenized material is added will decrease 
nematode survival. Soil texture is also an import influence on qu^- 
ity of inoculum produced by these techniques. The most 
result when nematodes are placed into fine organic or Lght-te^wed 
sandy mineral soils. Concentrated nematode infested ® 3 

plastic bag 12-24 hr at room temperature to permit redistribution of 
nematodes from callus bits to soil. ^ ^ -i 

After incubation, volumes of concentrated 
contain a desired population of nematodes, “® ^ 

es of fumigated soil in metal baskets and mixed by hand. It is further 
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mixed for 10 revolutions in a 28 L capacity twin shell soil blender 
(Patterson-KeUy Co., Stroudsberg, PA). After emptying the soil from 
the blender to a ’bushel basket, two 100 ml samples are taken, from 
which populations in the mixed soil are determined by 24 hr incubation 
in modified Baermann funnels. Table 5 contains results from application 
of this technique in three soil types. Initial population levels in the 
microplot soil may be varied by altering the volume of concentrated in¬ 
fested soil added. With this technique 1500 25 x 150 mm culture tubes 
contained in a single 10 ft^ incubator will provide inoculum for 150C 
30 X 30 cm microplots infested with field levels of nematodes. 


Table 5. Initial Population of Pratylenchus penetrem in Rifle Peat, 
Ribbie Fine Sandy Loam, and Wooster Silt Loam Microplot 
Soil Using Callus Culture Inoculum 


TREATMENTS 

NEMATODE #Vl00 cm^ MIXED 
Rifle Peat Sandy Loam 

MICROPLOT SOIL 
Silt Loam 

1979 

high 

2602 gS 

233 

a 

185 a 

medium high 

118 b 

120 

b 

45 b 

medium 

75 be 

61 

be 

30 b 

low 

42 c 

12 

c 

10 b 

1980 

high 1 

151 a 

151 

a 

150 a 

high 2 

147 a 

143 

a 

89 b 

high 3 

140 a 

125 

a 

78 b 

medium 1 

56 b 

41 

b 

32 c 

medium 2 

52 b 

39 

b 

30 c 

medium 3 

44 be 

35 

b 

29 e 

low 1 

18 c 

16 

b 

11 c 

low 2 

15 c 

14 

b 

9 c 

low 3 

14 c 

13 

b 

7 c 

1981 

high 1 

386 a 

282 

a 


high 2 

364 a 

260 

a 

150 a 

high 3 

334 a 

228 

a 


medium 1 

153 b 

100 

b 


medium 2 

133 be 

98 

be 

24 b 

medium 3 

126 be 

91 

bo 


low 1 

50 c 

21 

be 


low 2 

47 c 

15 

be 

8 e 

low 3 

43 c 

15 

e 


’Nematodes extracted from soil using 
water for 24 hr at room temperature. 

modified 

Baermann funnels in 

^Values in 1979 and 1981 are the means of e^ht samples, values in 
1980 are the means of 15 samples 

^In 1 year values in one 

soil type, foUowed by 

the same letters are 

not significantly 

different 

using Duncan’s multiple range test at r = 


0.05. 




Establishment of Nematode Germplasm Banks 895 

In general, using callus inoculum directly gives uniform controlled 
population levels for a particular test year across soil type. However, 
populations ^ways tend to be lower in the silt loam soil (Table 5). 
This is partially due to greater but unavoidable nematode attrition in 
the heavier silt loam during mixing in the twin shell soil blender, and 
partially due to a practice of making concentrated nematode infested 
soil out of silt loam soil for the silt loam microplots. Silt loam soil 
makes a very sticky concentrated infested soil which is not optimal for 
nematode survival. However, a recent test (Table 6) has shown that if 
concentrated infested organic soil is used to add to the 20 liter batch¬ 
es of silt loam soil, low populations on heavier soils can be avoided. 
As a general rule we use organic soil to make all our highly concen¬ 
trated nematode-infested soil mixes, and we use aliquots of this to in¬ 
fest Riflepeat, sandy loam, and silt loam soils. 


Table 6. Initial Populations of Pratylenchus penetrans in Rifle Peat and 
Wooster Silt Loam Microplot Soil Using Ck>ncentrated 
Nematode-Infested SoE Made from Organic Soil' 


TREATMENTS 

NEMATODE #/100 cm' MIXED MICROPLOT SOIL 

High Rifle peat^ 

259 a 

Low Rifle peat 

59 b 

High silt loam 

263 a 

Low sUt loam 

55 b 


' Nematodes extracted from soil using modified Baermann funnels in 
water for 24 hr at room temperature. Values followed by the same 
letters are not significantly different using Duncan's multiple range test 
at P = 0.05, 

^Values are the means of eight samples. 

The use of callus cultures of nematodes for field use requires stan¬ 
dardization at each step in the culture process. For example, the 
nematode levels in these tests (Table 5) varied from year to year with 
the number of alfalfa seedlii^ used per culture tube. Culturing in 
1979 was not standardized; anywhere from 6 to 12 seedlings per tube 
were used. In 1980, by contrast, 8-10 seedlings were used, and in 
1981 an average of 12 seedlings were used. Populations vary accord¬ 
ingly 

Culture ages must be standardized also. For example, in Table 7, 
cultures of Pratylenchus scribneri are 12 weeks old for the first plot, 
13 for the second and 14-15 for the third. Population differences in 
these plots correlated to decline of populations of nematodes. 


FAULKNER ET AL. (1974) PROTOCOL 

1. High quality alfalfa seeds (cv. DuPuits, Vernal, or Team) should be 
selected, and only those seeds retained by a 16 mesh screen (pore 
size, 1.19 mm) used. Scarify the seeds. 
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2. Antibiotic stock solution is prepared as foUovre; 

(a) Dissolve 250 mg ampiciUin trihydrate and 100 mg furazolidone 
in 100 ml sterile distilled water (solution A). 

(b) Dissolve oxytetraeycline hydrochloride, streptomycin sulfate 
and captan, 250 mg each, in 200 ml sterile distilled water 
(solution B). 

(c) Mix solutions A and B, and bring volume to 500 ml. 

(d) This stock solution should be made fresh, because it loses ef¬ 
fectiveness when stored for more than 2 days, even at 4 C. 

3. Heat-treat seeds by placing ca. 10 g of seed in a 120 ml sterile 
French bottle filled with 90 C tapwater and shaking for 1 min. 

4. Decant the hot water and treat seeds for 30 min with 50-60 ml of 
half-strength antibiotic solution prepared as above. 

5. Decant antibiotic solution and treat seeds for 2 min with 1:500 
HgClj. 

6. Rinse seeds three times with sterile distilled water. 

7. Incubate bottles for 24-36 hr at room temperature with caps loose 
and bottles laying flat. Rotate bottles from side to side periodi- 
caUy to hold moisture level near optimum for germination, 

8. When radicles are 1-2 mm in length rinse seedlings in half-strength 
antibiotic solution. 

9. Aseptically transfer about 200 seedlir^ to each culture bottle 
containii^ modified White's nutrient medium. 

10. Incubate bottles at room temperature for 7 days and then inocu¬ 
late with nematodes. 


Table 7. Initial Population of Pratylenchus scribmri in Rifle Peat, 
Kibbie Fine Sandy Loam, and Wooster Silt Loam Microplot 
Soil Using Callus Culture Inoculum 


NEMATODE #Vl00 cm^ MIXED MICROPLOT SOIL 
TREATMENTS Rifle Peat Sandy Loam Silt Loam 


High 

282 a^ 

124 a 

0 

a 

Medium 

141 b 

54 b 

6 

a 

Low 

54 c 

13 e 

3 

a 


* Nematodes extracted from soil using modified Baermann funnels in 
water for 24 hr at room temperature. Values in the same column 
followed by the same letters are not significantly different using 
Duncan's multiple range test at P = 0.05. 

^Values are the means of eight samples 


ERIKSSON (1980) PROTOCOL 

1. Treat alfalfa seeds with concentrated sulfuric acid for 10-20 min. 

2. Rinse in sterile distilled water. 

3. Transfer seeds to tubes filled with 1% water agar. 

4. After germination, transfer seedlings to tubes with nutrient medium. 
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5. After callus development (from all parts of the seedlings), pieces of 
callus are transferred to new tubes filled with nutrient medium. 


RIEDEL ET AL. (1973) PROTOCOL 

1. Alfalfa seeds (ev. Ranger) should be stored in a dessicator at room 
temperature. 

2. (a) Heat treat seeds by soaking alfalfa seeds in 60 C tapwater for 

10 min. Cheesecloth, loosely tied to allow for good hot 
water circulation, is used for soaking. 

(b) Immediately after heat treatment, spread seeds in a thin layer 
for rapid coolit^. 

(e) Allow seeds to dry at least 10 days before proceeding. 

3. The following treatments should be performed aseptically in a lami¬ 
nar airflow cabinet: 

(a) For surface sterilization of seeds take eight 250 ml beakers 
and put a 9 cm diameter petri dish bottom on each for a lid. 
Put each separately in a brown sack and sterilize. 

(b) Place a 10 ml volume of heat-treated alfalfa seeds in a small 
basket inside one sterile beaker with lid. 

(c) Pour 75 ml concentrated sulfuric acid over the seeds in the 
basket and wait for 15 min. 

(d) While waiting, fill the other three beakers each with 75 ml 
sterile distUled water for rinsing. 

(e) After 15 min, rinse the basket of seeds in each of three ster¬ 
ile distilled water baths. 

(f) Next, immerse the basket of seeds in a fourth sterile covered 
beaker containii^ 75 ml of 1:1000 mercuric chloride in 30^ 
ethanol and wait 15 min (1 g reagent grade HgClz dissolved 
in 1 liter 30% ethanol). 

(g) Repeat previous two steps. 

(h) To bioassay for contamination, plate ca. 0.5 ml seeds on petri 
dishes containing 20 ml of a rich medium. (We use either 10 
g sucrose, 1 g yeast extract and 10 g agar per liter, or 
potato dextrose agar.) 

4. Incubate plates at room temperature under regular day-night light 
conditions for 7 days. 

5. After 7 days, transfer only seedlings from completely clean plates 
to culture containers with eallusing medium. Nematodes are added 
7 days after this transfer. 


PROTOCOL FOR USING NEMATODE MONOXENIC CALLUS CULTURE 
DIRECTLY FOR SOIL INFESTATION 

1. Shake agar and alfalfa callus contents of 16 three-month-old mono- 
xenic culture tubes of Pratylenchus into Warii^ blender. 

2. Wash each tube with 1 ml tapwater to collect all nematodes. 

3. To mix, flip blender switch on and off immediately. 

4. Mix briefly by hand, and repeat previous step. 
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5. Empty contents into beaker. 

6. Repeat steps 1-5 three times. 

7. Mix blended contents of 64 culture tubes with 10 liters of fumi¬ 
gated organic or sandy soil to make 10 liters of concentrated 
nematode infested soil. 

8. Incubate 12-24 hr at room temperature in a plastic bag. 

9. Add volumes of concentrated nematode infested soil to 20 liter 
batches of fumigated soil in metal bushel baskets. (We add 100, 
300, and 700 ml to get field populations ranging from 15 to 250 
Pratylenclus/IOQ cm^ soil.) 

10. Mix well by hand followed by 10 turns in a twin shell soil blend¬ 
er. 

11. Two 100 ml samples are taken immediately after mixing each 20 
liter batch? initial nematode populations in mixed soil are deter¬ 
mined by a 24 hr extraction in modified Baermann funnels in 
water. 

12. Infested soil may be used immediately or covered and stored 12-36 
hr in a cool place. 


FUTURE PROSPECTS 

Tlie labor intensive nature of culture production is often cited as a 
serious drawback to use of the technique. Certainly proper mainten¬ 
ance of the cultures requires careful attention to detail. This fre¬ 
quently makes the work onerous. Perhaps because of this, culturing 
plant parasitic nematodes seems more time consuming than it actually 
is. Viewed from another angle, however, the large populations of sev¬ 
eral species that can be housed in a few small incubators would re¬ 
quire large greenhouse facilities and the extensive labor support re¬ 
quired for greenhouse maintenance. Add to this the energy consumed 
by greenhouses in temperate climates and the cost and labor require¬ 
ments of monoxenic culture are not disproportionately larger than 
alternative culture techniques. Nonetheless, further labor savi^ 
would be beneficial. Use of simplified media and prop^ation 
techniques would be an easy way to arrive at each savings. 

Labor savings inherent in improved and simplified storage have been 
touched upon in a recent review (Krusberg and Babineau, 1977). 'Uie 
absence of a central collection of monoxenic cultures of plant-parasitic 
nematodes is another aspect of storage which deserves mention. M 
the present time, cultures are widely scattered among private and pub¬ 
lic institutions. This and the lack of catalogs to these collections 
inhibits the use of the material. Lack of a central facility for culture 
maintenance fosters overlap of efforts in the field and improves the 
chance of losii^ important, irreplaceable material. A central reposi¬ 
tory for nematode cultures would permit systematic studies of culture 
conditions on nematode reproduction. 

Presently eight genera of plant-parasitic nematodes are or have been 
grown in monoxenic culture. Important genera such as Meloidogyp^s 
and Heterodera are not among these, a fact recognized as a major 
drawback to the technique (Krusberg and Babineau, 1977; Eriksson, 
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1980). Further, only limited effort has been made to maintain in 
culture races or geographic isolated species of any genera. While many 
species could undoubtedly be added to cultures with present techniques 
if support for such work were available, more inclusive additions must 
await more complete understanding of nematode requirements. 

The effect of physical conditions in culture on nematode reproduction 
has hardly been studied. Temperature, pH, viscosity, and osmotic pres¬ 
sure of substrates are known to affect behavior of nematodes in culture 
(Mitsui et al., 1975; Myers, 1971). 

More species will be brought into culture when host tissue require¬ 
ments are better understood. The ability to taBor tissue reaction to 
species requirements would not seem to be outside the possible, consid¬ 
ering the state of the art of tissue culture today. What is lacking is 
the knowledge necessary to predict nematode requirments. Studies in 
this area would pay handsome dividends. 

Monoxenie culture of nematodes on caUus tissue represents a tempor¬ 
ary solution to the problem of production of usable amounts of nema¬ 
tode inoculum for various types of research. Axenic culture of these 
animals in defined medium is the obvious best solution to the problem. 
Presently, axenization of large numbers of species appears to be far in 
the future. Since monoxenie cultures are likely therefore to be more 
than temporary expedients, research to improve the technique would be 
of long-term use to the science. 
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CHAPTER 33 

Breeding for Nematode Resistance 

H. Medina-Filho and S.D. Tanksley 


Since the pioneer work of Smithies (1955) and Hunter and Markert 
(1957) with the basic electrophoretic technique and staining procedure, 
many improvements have been made (Brewer, 1970; Gordon, 1975). 
Such improvements have stimulated a great deal of research on iso¬ 
zymes, revealing the presence of multimolecular forms of enzymes in 
nearly all organisms extensively investigated (Markert, 1975). 

Plant geneticists readily acknowledged this new method for assaying 
genetic variation and, indeed, the literature of the past 15 years is 
replete with examples of use of gel electrophoresis for answerir^ basic 
questions of genetics and population biology. Practical applications of 
isozymes as marker genes for breeding purposes is another area of 
growing interest (Pierce and Brewbaker, 1973; Torres et al., 1978a,b; 
Tanksley and Rick, 1980; Tanksley et al., 1981a). 

As the methods of somatic hybridization in plants progress, electro¬ 
phoresis is becoming an increasingly useful technique as a criterion to 
characterize hybrid plants generated by protoplast fusion (Evans et al., 
1981). One of the advantages of zymogram-based screening is the 
unique opportunity to distinguish somatic hybrid plantlets of phenotypi- 
cally similar parents or when morphological seedling markers are not 
available. 

Recently, a great deal of effort has been concentrated in attempts to 
take advantage of the tremendous array of genetic variation found in 
progenies of tissue-culture-derived plants. Electrophoresis might also 
turn into an additional tool for surveying genetic variation generated 
through in vitro manipulation of plant cells and tissues. Indeed, it 
seems a new variant of locus 1 of alcohol dehydrogenase (Adh-1) has 
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been detected in R 3 progenies of mesophyll derived plants of tomato 
(Medina-Filho et al., unpublished). 

TTie present chapter was undertaken to critically review the studies 
on the feasibility of using electrophoresis in selecting for nematode 
resistance in tomato, as grounded in the initial information provided by 
Rick and Fobes (1974) that resistance was associated with a variant 
allele of acid phosphatase. 

TTie investigations reported here were oriented toward a basic under¬ 
standing of the potentials and limitations of isoenzyme analysis with 
respect to bandit^ pattern consistency and predictability of nematode 
resistance, so as to establish the feasibility of extensive use of this 
technique in the future. For reasons that we now understand, many 
previous attempts to use this technique were hindered by problems of 
methodology, and in other cases the efforts were abandoned because 
resistant and susceptible cultivars failed to show any differences in the 
banding pattern. 


THE NEMATODE PROBLEM 


Root-knot nematodes (Meloidogyne spp.) are important plant parasites. 
Among the 37 recognized species of Meloidogyne, 7 are known to at¬ 
tack tomatoes, M. incognita, M. javanica, U. arenaria, and M, hapla 
are economically important. The first three species are widespread be¬ 
tween 35 S and 35 N latitudes whereas M. hapla is restricted to tem¬ 
perate region species, frequently occuring north of 35 latitude (Taylor 
and Sasser, 1978). In California, M. incognita and M. javanica are 
often found in the Sacramento and San Joaquin Valleys, where most of 
the processed tomato crop is grown (Siddiqui et al., 1973). 

Heavily infested plants have a very shallow and knotted root system. 
Normal development of feeder roots is impaired, and distribution of hor¬ 
mones, and translocation of minerals and photosynthates is altered 
(Wang and Bergeson, 1974). As a consequence, top growth is reduced, 
yields are low, and plants wilt during the hot periods of the day, even 
though soil water is plentiful. Symptoms of mineral deficiency ^e 
common, and often additional fertOizer is applied further increasing the 


costs of producing a poor crop. 

The extent of economic loss due to nematode inf^tation is difficult 
to evaluate. It neeessarUy has to take into account the seventy of 
attack and the cash value of the crop for each 
However, the limited data available represent 

the seriousness of the problem. In Hawaii 194 ( 5 -Pal- 

yield as much as 7596 have been reported (MacFarlane et 
Liosind Moss, 1972). Losses of 50-85* have been es imated for 
southern Italy, Malta, and North Carolina (Lamberti a^ CiruUi, 1970, 
Lamberti, 1971; Lamberti et al., 1976; Baker , j 

In addition to the losses caused by the direct f 

festation, predisposition or even breakdown of resistance to other ro^^ 

diseases is common (Wang ^d ^^ilt (Pseudomonas 

tode-susceptible lines resistant to baeter nematodes 

solonacearum) do not survive well if, ® 
conditions for bacterial disease are present (Gilbert et ai., lara;. 
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Chemical control is feasible, but it is costly and represents only a 
temporary solution by decreasing the soil inoculum. Recently, serious 
restrictions on the use of widely applied nematicides have been imposed 
by the US government. One nematicide, DBCP, has been reported to 
cause cancer in laboratory animals and sterility in man. Thus it has 
been a well-documented concept that breeding for genetic resistance is 
a wise approach to cope with plant parasitic nematodes, not only be¬ 
cause of the financial aspect of the crop but also by avoiding possible 
ecological repercussions. In tomato more than 65 nematode-resistant 
cultivars are known (Fassuliotis, 1979) and undoubtedly many more are 
unknown. On a worldwide basis, many regions would still benefit from 
nematode-resistant cultivars. For instance, in California, a major 
tomato-growing and processing region, there is no acceptable processing 
open-pollinated cultivar with nematode resistance. 


EARLY HISTORY OF NEMATODE RESISTANCE IN TOMATOES 

D. M. Bailey at Tennessee Agricultural Experimental Station did a 
comprehensive survey of Lycopersicon species for nematode resistance. 
Of the L. esculentum lines (varieties) tested, 95 commercial cultivars 
and 420 USDA accessions failed to show any resistance. The same was 
also true for L. glandulosum, L. hir^tum, and L. pimpinellifolium. Re¬ 
sistance was found in L. peruvianum; among 25 introductions tested, 11 
possessed a high level of resistance (Bailey, 1941). 

The difficult cross between L, esculentum cv. Michigan State Forcing 
and the self-incompatible L. peruvianum var. dentatum (PI128657) was 
first achieved in 1944. By using the wild species as male parent to 
overcome the unilateral incompatibility barrier and aseptically culturing 
the immature embryos to surmount the hybrid inviability, P. G. Smith of 
the University of California at Davis was able to develop mature inter¬ 
specific hybrids (Smith, 1944). 

Cuttings of a sii^le Fi plant of that cross (P.G. Smith, personal 
communication) were secured by V. M. Watts in Arkansas, who then ob¬ 
tained the first two backcrosses to L. esculentum again using L. escu- 
lentum as female parent (Watts, 1947). Progenies of this second back- 
cross were then sent to the Hawaiian Experimental Station (HES) 
where W. A. Frazier obtained additional backcrosses to the cultivated 
species (Frazier and Dennett, 1949). 

The program of incorporation of nematode resistance was continued 
in Hawaii by Gilbert and associates and also in California by Smith 
using the material developed by Frazier. Further backcrosses and 
pedigree selections were carried out separately, eulminatir^ in the 
release of the first resistant cultivar VFN 8 (VFN 36-8) in California 
and of Anahu and other HES lines in Hawaii. Accordingly, the resist¬ 
ant cultivars now available are derived from one of these two original 
releases. 

Although there exist some conflicting references on the inheritance of 
resistance derived from these programs (for review, see Sidhu and Web¬ 
ster, 1981), resistance is determined by a major dominant gene loca¬ 
ted at position 35 cM on chromosome 6. Since the original screening 
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tests were performed with Meloidogyne incognita the symbol Mi was 
proposed for this gene (Gilbert and MacGuire, 1955; Gilbert, 1958). 
Suteequently, the Gilbert lines were investigated by Barham and Win¬ 
stead (1957) who demonstrated that, in addition to M. incognita, the Mi 
gene also confers resistance to the prevalent species M. javanica, M. 
acrita, and M. arenaria. 


SCREENING FOR NEMATODE RESISTANCE 

The traditional method of evaluating nematode resistance involves di¬ 
rect observation of root galling developed by young plants grown in 
heavily infested soil. 

Seeds are either directly sown into infested soil or germinated in 
sterile soil, with young plants later transplanted. To permit an accu¬ 
rate classification, both resistant and susceptible controls should be 
grown with the plants to be tested. When the susceptible control^ con¬ 
sistently shows a large number of well-developed galls and the resistant 
material is free from infestation (usually 4-8 weeks after exposure to 
the parasites) all the plants are pulled out, and the roots are washed 
and graded for the severity of symptoms. Homozygous resistant plants 
are usually devoid of gaUs but may occasionaUy have a few very small 
galls. Heterozygous resistant plants more frequently display the latter 
behavior (Barham and Winstead, 1957; Laterrot, 1973). The control of 
temperature is important, since the resistance conditioned by Mi is not 
effective at 28 C or above, and both resistant and susceptible plants 
are equally affected (Holtzmann, 1965; Dropkin, 1976). 

To improve the efficiency of screening, several modifications on t^ 
methodology of screening for nematode resistance have been suggested 
(Fassuliotis and Corley, 1967; Dropkin et al., 1967; Hussey ^wker 
1973), However, a very important advance was proposed by Rick ana 
Fobes (1974). Studyii^ isozymes of tomatoes with starch gel electro¬ 
phoresis, they found that VFN 8 as weU as five other nematod^eswt- 
ant eultivars carried a variant for locus 1 of acid 
allele, Aps-lS was previously known to occur oi^y n L. peruvnrom 
AU other eultivars of L. esculentum c^ried the ^ele. An 2 ^ 

population from a cross between a resistant Aps- Ads-1 

^ptible Aps-1" stock segregated 16 +/+ 19 +/1 : 10 1/1 

with only the plants of genotype +/+ being susceJible to nemateg^ 

ous for Vl^ Resistant open-pollinated ciR^iv^ Z-V/MFig. 1). 
or indirectly from sources of the Hawaiian Agnciuiuiai 
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Figure 1. Banding pattern of homozygous and heterozygous genotypes 
for Aps-1 and their occurrence among tomato cultivars. 

Station. The Aps-l^''* lines, on the other hand, were developed from 
materials of the breeding program of the University of California at 
Davis. A survey on the origin of the nematode resistant cultivars indi¬ 
cates they all originated from a single Fi plant of the cross L. escu- 
lentum x L. peruvianum. Probably, a crossing over between Aps-1* and 
Mi occurred in early generations during the incorporation of nematode 
resistance into L. esculentum. This accounts for the Aps-l*'’* resistant 
cultivars such as Anahu. VFN 8 and its derivatives maintained the 
original Aps-1* Mi association present in L. peruvianum (Fig. 2). 

A linkage test for the markers yv coa c in addition to Aps-1 and Mi 
on chromosome 6L was performed in crosses of LA1178 with VFNT 
Cherry (Medina-Filho, 1980). In general, the relative map distances 
between yv, coa, and c conformed with previous data known for these 
loci. No recombinants were recovered for yv - Aps-1 - Mi. On the 
basis of 5591 gametes analyzed for recombination between yv and Aps- 
1, the estimate of maximum map distance between them is 0.082 cm. 
For the interval (yv, Aps-1) and Mi, the estimated maximum distance 
based on 513 plants is 0.894 cm indicatir® that the screening for 
resistance based on Aps-1* is remarkably reliable. 


METHODOLOGY FOR ASSAYING APS-1 

The fortuitous association of Mi with the electrophoretic variant Aps- 
1* has provided a new screening strategy in breeding tomatoes for 
nematode resistance and, in fact, has been successfully used by a few 
private plant-breeding organizations. However, the electrophoretic pro¬ 
cedure for assaying acid phosphatase involves a number of variables 
that affect the reliability and quality of the results obtained. By ex- 
perimentii^ with those variables it has been possible to improve the 
technique considerably aUowing fast, accurate scoring of Aps-1. 
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Figure 2. The development of nematode resistance in tomato^. T^ere 
was apparently a crossir® over between Mi and Aps-1 m the Hawaii 
program that did not occur in the California pr^am. The electro¬ 
phoresis technique can be applied only to the California derived culti- 
vars. 

Electrophoresis Equipment 

The apparatus designed by Tanksley (1979) has proven to be m ex¬ 
cellent system for assaying isozymes with starch gels. To increase the 
Si S Svidual sample per" gel, a slight to 

the original apparatus by setting the wider part of the gels parallel to 




910 Modifications and Applications 

the buffer tanks. The buffer tanks can be maintained with the same 
original dimensions, thus adding versatility to the apparatus that can 
still be used in the regular fashion when assaying for enzymes requiriig 
longer runs for good band resolution. The modified run is performed by 
substituting the original rectangular electrode sponges for T-shaped 
ones, with the wider part contacting the gel. With such an arrange¬ 
ment, 35 wicks 3.2 x 5.0 mm can be inserted in a single gel without 
overcrowding (Fig. 3). An increase in the number of samples can also 
be accomplished by using smaller wicks. In this case the bands are 
narrower but still provide unambiguous readings. Smaller wicks used 
with the above set up allow the assay of up to 40 individual plants in 
a single gel. 


Gel and Electrode Buffer pH 

A series of gel and electrode buffer pH values was tested in all 
combinations ranging from 7.0-9.0 at 0.4 intervals. For the electrode 
buffer, a 0.3 M borate solution was adjusted to the desired pH with 4N 
NaOH. Gel pH was adjusted by increasing the concentration of Tris or 
citrate as necesseiry, starting from a standard solution of 25 ml 0.0152 
M Tris (hydroxymethyl) arainomethane and 25 ml 0.036 M citric acid in 
1000 ml distiUed water. It is realized that this approach also changed 
the ionic strength of the buffer components. 

No differences in the banding pattern and migration relative to the 
front were observed with the various borate (electrode buffer) pH val¬ 
ues tested. However, a striking effect was observed in resistance to 
the passage of current. When the pH of buffer tanks was 7.4, it requi¬ 
red 360 V to bring the amperage to 40 mA. This figure was approxi¬ 
mately 220, 210, and 190 V for pH 7.8, 8.2, and 8.5, respectively. At¬ 
tempts to speed up the run by increasing the voltage were unsuccessful 
with the lower pH, as it was impossible to raise the amperage. In 
addition, with high voltage, too much heat was generated, which resul¬ 
ted in gels of unacceptable quality. With a pH as high as 8,6, a eur- 






Figure 3. Typical zymogram of Fa population segregating for Aps-1 m 
a gel with 35 wicks. From left to right; 1/1, +/1» +/+> 1/1» +/!••• 
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rent of 65 mA can be applied with a voltage between 270 and 285. 
Under these conditions excessive heat is not generated, band resolution 
is excellent, and the runnit^ time reduced to 1.5-2.0 hr instead erf 4-5 
hr when borate solution of lower pH is used. 

The relative migration, Rf = (band migration, mm/borate front migra¬ 
tion, mm) X 100, and the resolution of Aps bands were strongly iirflu- 
eneed by the concentration of the gel buffer. The different concentra¬ 
tions were obtained by changing the amount of Tl'is and monitored by 
the consequent change in the pH value of the gel buffer. At pH 7.0 
the bands of Aps-1 migrate together with the front (Rf = 100), There 
was no resolution of this locus. However, the band(s) of locus Aps-2 
that have a lower Rf were weU resolved. Below the band(s) of Aps-2 
the activity of acid phosphatase in these gels with pH 7,0 was very 
intense, but only a long, blurred strip was observed. As the pH was 
increased, the Rf of the bands decreased. As an example, at pH 8.6 
the Rf of Aps-1* was 87. Furthermore, at high pH (8.6) there was 
good resolution of the bands at locus 1 and 2 plus two other bands of 
lower Rf values. In addition to the four bands mentioned above, a 
fifth faintly staining band was occasionaUy seen closer to the origin, 
with an Rf of 15. Although our concern here is with locus 1 because 
of its linkage to Mi, the resolution of other bands might be useful in 
other studies with Lycopersicon species. The pattern of gels at pH 9,0 
was the same as at pH 8.6 except for a slight decrease in the activity 
of all bands. 


Starch Concentration 

Sigma potato starch hydrolyzed for electrophoresis was used exclus¬ 
ively. Starch concentrations from 10 to were tried at intervals of 
0.5SB. No evident differences were found in gels in which the starch 
concentration was varied at intervals smaller than 0.535. 

No effects were observed in the sharpness of bands in g^ of various 
starch concentrations. Differences, however, were found in the migra¬ 
tion of bands relative to the front (Rf). As starch concentrations de¬ 
creased, the Rf erf the bands increased. As an example, Rf values for 
Aps-1* were 79.1, 80.0, 86.5, 100, and 100 for starch concentrations of 
14, 13, 12, 11, and 10^, respectively. As seen from the Rf values, at 
starch concentrations lower than 12*, no resolution was possible for 
Aps-1, since the bands migrated with the front. 

k^t in mind that the optimum starch concentration is dependent on 
the particular batch of starch used. Thus the 12* J" 

our work had to be decreased to 11.5* with a new batch of starch 
from the same company. Degree of hydrolysis in the commercial starch 
preparation seems to account for such variation. 


Staining Solution 


The effects of different substrates, 

ated in gels containing a single paper wick 16 cm long imbibed with 



912 Modifications and Applications 

leaf extract of plants heterozygous for Aps-1. With the run completed, 
the bottom 2 mm slice was cut in as many vertical tracks as the test 
required. Each one was individually stained in germination boxes con¬ 
taining different assay solutions. 

The following substrates were used: a-naphthyl acid phosphate, ^ 
naphthyl acid phosphate, naphthol-AS-MX phosphoric acid, and naphthol 
AS-BI phosphoric acid. For each substrate three different dyes were 
tried; Fast Black K Salt, o-dianisidine tetrazotized (Diazo Blue), and 
Fast Garnet. Solutions were prepared in 0.5 M acetate buffer at pH 
5.65. For all substrates and dyes, a concentration of 1 mg/ml was 
used. For the best combination of the above, the effect of pH of the 
staining solution was first evaluated in a wide range from 3.0 to 7.5 at 
0.5 intervals and optimized in further tests by varying the pH from 5.0 
to 6.0 at 0.1 intervals. 

The several acid phosphatase isozymes present in tomato leaves seem 
to react differently with different substrates and dyes tested. The 
bands of locus 1 for example can be seen in gels reacted with a- and 
^naphthyl acid phosphate but not with Sigma AS-MX. The substrate p- 
naphthyl acid phosphate was the best for assaying Aps-1. Black K Salt 
and o-dianisidine are satisfactory, but the latter dye gave slightly bet¬ 
ter results. Nevertheless, the use of o-dianisidine should be avoided, 
since it is a putative carcinogen. 

With p-naphthyl acid phosphate and Black K Salt, the activity of acid 
phosphatase is detected in gels stained at pH from 3.5 to 7.5. Resolu¬ 
tion for Aps-1 occurs at pH 4.0 or higher. The gel background, how¬ 
ever, darkens as the pH increases, resulting in difficult scoring of 
genotypes when the pH is 6.0 or above. Furthermore at pH 6.0 or 
above the time required for development of bands is greatly increased. 
The best pH for the staining solution was found to be 5.5. 

Slice Position 

The standard gel 6 mm thick used in this study allows several hori¬ 
zontal slices to be taken. With glass rods of dffierent thicknesses as 
slicing guides, it was possible to obtain four 1 mm and one 2 mm 
slices. Initi^ tests were performed by observing the resolution c£ 
bands in the several slices of two gels containing a single wick 10 cm 
long imbibed with extract of heterozygous plants. These observations 
were further tested in regular gels used for genotyping progenies. 

The resolution quality of bands was different when several slices 
were assayed. The sharpest bands occur in the very bottom slice (2 
mm thick) and bands become progressively less sharp in the top slices. 
The bands appear to be stained in a V shape with the vertex toward 
the glass mold. Increased sharpness of bands in the lower layers of 
the gel could also be seen in gels that were not horizontaUy but 
vertically sliced. 

Time and Current Required for Electrophoresis 

The rate of enzyme migration, and thus the running time, is propor¬ 
tional to the current applied to the gel. The possibility of decreasir® 
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the running time was tested in gels run at progressively higher cur¬ 
rents. Gels were run until the borate front reached a distance of 7-8 
cm from the origin. After workable current was established, a series 
of gels was studied in which the borate front was interrupted at dis¬ 
tances progressively closer to the origin. 

As explained before, the current applied to the gel can be increased 
when borate pH is high (8.6), resulting in faster migrations. The inser¬ 
tion of the crude extract into the gel can be performed very quickly 
at 40 raA, taking only 15 min instead of 40 rain, as is required for gels 
with lower pH values. After removal of the paper wicks, the current 
can be adjusted as high as 65 mA, while maintaining the voltage be¬ 
tween 270 and 285. 

Bower shutdown when the borate front reached 8 cm produced good 
separation of bands. Nevertheless it was possible to get good resolu¬ 
tion of bands and unambiguous scoring of Aps-1 when the borate front 
had migrated only 5.5 cm. This occurs in less than 2 hr with the pro¬ 
cedures described above. Reduction of the running time is convenient, 
since it allows one person to prepare four gels, crush 140 samples, per¬ 
form the electrophoresis, and score the results within 8 hr. 


Developmental Stages and Plant Tissues 

A survey was conducted to determine suitable developmental stages 
of plants as well as possible alternative tissues for assaying Aps-1. 
Developmental stages ranging from dry seeds to mature plants were 
studied. 


DRY SEEDS UP TO 2-WEEK-OLD SEEDLINGS. Seeds were germi¬ 
nated on moist blotter paper in germination boxes incubated at 24 C 
with 12 hr of fluorescent light (approximately 70 uE m sec ). Elec¬ 
trophoresis was performed with crude extracts obtained by crushing the 
appropriate plant tissues with plastic rods after adding approximately 
20 ul of extractant buffer described later. Homogenates were obtained 
from dry and sprouting whole seeds with a 5-10 mm jafJicle and also 
from the radicle alone. For seedlings at the stage of fully developed 
cotyledons, samples of their roots, basal stem, cotyledons alone, and 
cotyledons including the apical meristem were assayed. 

I>y and germinating seeds as weU as their correspondent basal stem 
and cotyledons do not show activity of Aps-1. Samples of cotyledora 
including the apical meristem showed good activity and can be i«ed in 
presowing screening as indicated in the section on composite samples. 


PLANTS 3-13 WEEKS OLD. To have a continuous series of plants of 
different ages to be evaluated at the same time, sowings were made 
weekly for 10 consecutive weeks. Plants were germinated and grown 
in meL flats fiUed with a mixture of 1:1 ®tand^d Potting soU and 
sand and kept in a greenhouse at 26.6 C day and 22 C night. 
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The plants assayed included genotypes +/+, 1/1, and +/1 for Aps-1 as 
well as determinate (sp) and indeterminate (sp*) plant habits as follows: 
77B175-1 (sp; 1/1), UCX 97-3 (sp; +/+), Short Red Cherry (sp ; 1/1), 
lAC 3946 (sp+; +/+), and Fi SRC x LA1178 (sp^; +/1). For each ciQti- 
var leaflets of three plants of each age were assayed individually. For 
the 3-week-old plants (first true leaf pair) in addition to leaflets, api¬ 
cal meristem, cotyledons, and roots were also assayed. 

With reference to the tests conducted with ieaflets of plants from 3 
to 13 weeks old, no major differences were observed in the intensity 
and resolution of the bands for all genotypes. For the 3-week-old 
plants there was intense activity of Aps-1 in the roots, basal stem, and 
apical meristem. Cotyledons of plants at this stage showed much lower 
activity and in some plants no Aps-1 bands were detected. 


MATURE PLANTS, Leaves from plants of genotype +/+, +/1, and 1/1 
transplanted to the field were also subjected to electrophoresis. Sam¬ 
ples were taken periodically at intervals of approximately 30 days dur¬ 
ing the growing season up to harvest time. At midseason, electropho¬ 
resis was performed also for tissues of shoots, leaf petioles, flower ped¬ 
uncles, petals, sepals, immature and ripe anthers, pollen, immature 
fruits (2.0 cm diameter), fruits at breaker stage, and ripe fruits. For 
assaying pollen samples the technique used by Tanksley et al. (1981b) 
was adopted. Pollen of five dessicated anthers was mixed with fine 
sand, and IX glutathione in 0.1 M Tris buffer (pH 7.5) and ground with 
glass rods inside plastic micro test tubes. 

Plants grown in the field could be assayed throughout the season 
using leaf samples. The resolution of bands is slightly inferior when 
compared to young plants grown in the greenhouse but stiU allows un¬ 
ambiguous screening. It was observed in two consecutive seasons that 
occasionally the + band stains much lighter than the 1 band and the 
heterodimer. In extreme cases heterozygous plants showed only the 1 
and the heterodimeric band, and the + band was almost imperceivable. 

Despite this problem, classification of plants under such conditions is 
not precluded, since the homozygous 1/1 plants always produce a dark 
staining band with retarded migration, and the heterozygotes produce 
two distinct bands contrasting with an indistinguishable or very faint + 
band of the homozygous +/+ genotypes. With reference to the other 
tissues of adult plants, very low activity of Aps-1 was observed in the 
shoots, flower peduncle, sepals, and immature fruits and anthers. Vir¬ 
tually nothing could be detected in leaf petioles, petals, mature 
anthers, fruits at breaker stage, and ripe fruits. Very intense activity 
was observed in samples of pollen extracted from mature anthers. Pol¬ 
len samples of heterozygous plants show only the bands for alleles + 
and 1 and lack the usual heterodimeric band seen in sporophytic 
tissues. 

Absence of the intermediate heterodimeric band in pollen extracts of 
heterozygous plants is an indication of postmeiotie expression of the 
Aps-1 locus. Hence this locus not only functions in the sporophyte, 
but also it seems to be transcribed and translated during the gameto- 
phytic phase. This is not surprising, and indeed, a recent survey has 
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revealed an extensive overlap of sporophytie and gametophytic gene 
expression in the tomato (Tanksley et al., 1981b). 


Sample Storage 

Electrophoresis was performed with extracts of fr^h leaf tissue and 
compared with extracts obtained previously and kept frozen, as well as 
extracts from intact leaves kept frozen, and crushed just before analy¬ 
sis. The let^th of freeze storage ranged from 1 day to 1 year for 
crushed samples and up to 9 months for intact leaves. Frozen samples 
were kept in tightly closed micro test tubes stored at -20 C. 

Aps-1 activity was quite stable under the freeze storage periods 
tested. Reasonable activity was observed in the crushed samples 
stored up to 9 months. The bands tend to become slightly more diffuse 
when compared with fresh samples. This effect occurs even after over¬ 
night freeze storage and was observed in both crushed and intact leaf¬ 
lets, although less pronounced in the latter. Unambiguous genotyping 
of plants can be done with frozen samples. For the reason explained 
above, it is preferable to store intact leaflets rather than the extract. 


Extraction 

One small leaflet piece (approximately 1.5 x 2.5 mm) taken from 3-4 
week-old seedlings was placed in a plastic crushir^ board, two to 
three drops of extractant solution added, and the sample thoroughly 
crushed with plastic rods. The resultant juice was then absorbed into 
paper wicks (Beckman), placed in wick holders, and refrigerated 
insertion into the gel. Various concentrations of solutions of the fol- 
lowii^ chemicals were tested as extractants: Polyethylene Glycol (MW, 
6000), Polyvinylpyrrolidone (MW, 36,000), Dowex-50, Amberlite, Glutathi¬ 
one (reduced form), p-mercaptoethanol, Tween-20, and TTiton X-100. A 
buffer solution of 0.1 M This pH 7.5 was used as dUuent. Pure ex¬ 
tracts and extracts obtained with the buffer solution alone were used 

as controls. .... j_i 

Leaf extracts obtained without the addition of extractant produced 
satisfactory results. Among several chemical solutions tested, better 
results were observed with a mixture of Triton X-100 and pol^nylpy^ 
rolidone (PVP) at concentrations of 2 and 5S5, respectively, ^fluted in 
0.1 M Tris buffer pH 7.5. Compared with the control, when the above 
extractant was used the bands were sharper with reduced activity 
tween them thus increasii^ the resolution of Aps-1 and other lo i. 
This effect is most pronounced for resolution of locus A^7'» leM 
samples of yows plants. Although not essential, the addition of ex¬ 
tractant facflitates the crushing operation and allows 
small samples such as a single leaflet of 

Once prepared, the extractant solution keeps several months in the re¬ 
frigerator. 
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Composite Samples 

For reasons described later, single wicks imbibed with a mixture of 
extracts from plants of different genotypes were analyzed. With a cork 
borer, leaflet discs of 8 mm diameter were taken from plants of geno¬ 
types +/+ and +/1. Composite samples were prepared by crushing toge¬ 
ther discs of +/+ and +/1 genotypes in the proportion of 1:1 and 1 : 10 , 
respectively. Samples of the single genotypes alone were used as con¬ 
trols. Additional tests were also extended to the mixture of genotypes 
includir^ the genotype 1 / 1 . ... 

In samples composed of a mixture of +/+ and +/1 genotypes, in addi¬ 
tion to the + band, the presence of the band of allele 1 and the het¬ 
erodimer can be detected even at proportion of 7 +/+ to 1 +/1. In 
such highly diluted samples, the band 1 and the heterodimer are not 
actually seen, but the region in the gel correspondent to them shows a 
light smear easily distinguishable from a totally clear spot of the sam¬ 
ples eontainii^ only +/+ genotype. In samples with a mixture of the 
same genotypes in proportion of 2 : 1 , the difference from the control 
sample is strikii^. The same is true for mixtures of genotypes +/+ and 
1/1. In this ease, two bands (+/+ and 1/1) can be seen in the gel. 

If a breeding program for nematode resistance is conducted by pedi¬ 
gree selection or by single seed descent, the best approach is to class¬ 
ify individual F 2 plants and advance only the homozygous 1/1 lines. 
However, situations do occur in which classification is delayed to F 3 
or later generations. In those situations the use of composite samples 
might be a very useful procedure. To distinguish homozygous from seg¬ 
regating lines, six plants are usually assayed. By using composite sam¬ 
ples this can be accomplished by running two composite samples of 
three plants each. Lines in which the two samples show only the band 
correspondent to Aps-1*^* are selected. The probability that a hetero¬ 
zygous or a homozygous +/+ plant in the population will not be includ¬ 
ed among six plants of a progeny of a heterozygous plant is equal to 
(1/4)® or 0.0002. 

Six plants can be reliably used, since the locus Aps-1 segregates in 
monc^enic fashion as indicated by the following two sets of data: 

(1) A 1:1 segregation of backcross populations. These populations 
consisting of 881 plants comprise crosses involving six widely different 
genetic backgrounds (Table 1). 

(2) Segregation into 1:2:1 ratio of selfed progenies of BC 2 plants 
(Fig. 3). The data of Table 2 show that a significant departure^ from 
1:2:1 was observed in one of the families studied due to a deficient 
number of homozygous 1/1 individuals. It is noteworthy that even 
though the segregation data for the other families fit well the 1:2:1 
ratio, they also yielded a reduced number of 1/1 genotypes as evi¬ 
denced by the significant "pooled" x^. This trend is further suppor^d 
by the heterogeneity x^ which was not significant (Table 2). The 
underlying cause of this deficiency is not known. One possibility is 
that homozygous 1/1 genotypes had a slower germination rate or were 
less vigorous and were preferentially rogued out durir^ the thinning 
operation. Whatever the reason, it remains that composite sample is a 
reliable method for screening families. The shortage of 1/1 individuals 
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are discarded. A second survey of another three plants with one com¬ 
posite sample is then performed only for those families which in the 
first survey had a band correspondent to the Aps-l^'^ genotype. In 
this second run the families that again show the same banding pattern 
are homozygous 1/1 and therefore are selected to be sown for field 
evaluations. With this alternative approach, the number of gels to be 
run is minimal, yet the screening reliability is kept at the same level, 
since the selected families were chosen on the basis of the same num¬ 
ber of plants. 


PROTOCOL FOR ASSAYING ACID PHOSPHATASE 


STOCK 

SOLUTION 

(A) Electrode 
buffer 

(B) Gel buffer 

(C) Gel buffer 

(D) Stainii^ 
buffer 

(E) Substrate 

(F) Sample 
extractant 

(G) Fixative 


CHEMICALS 

Boric acid, 
334 g 


Tris (hydroxy¬ 
methyl) amino 
methane, 92 g 
Citric acid H 2 0, 
7.35 g 

Sodium acetate, 
90 g 


p-naphthyl acid 
phosphate 

1.0 g 


Ttiton X-100 
6.0 ml; poly¬ 
vinylpyrroli¬ 
done, 17.5 g 
1 1 glycerol 
10 ml Thira- 
erosal (Mer- 
thiolate) 


FINAL 

VOLUME 

18 1 distilled 
H2O 


500 ml distilled 
H2O 

500 ml distilled 
H2O 

500 ml distilled 
H 2 O pH 5.5 
with concen¬ 
trated acetic 
acid 

50 ml acetone; 
50 ml dis- 
tmed HjO 


300 ml 0.1 M 
TVis pH 7.5 


Add 1 1 dis- 
tiUed H 2 O 


REMARKS 

Good for several 
months at 
room tempera¬ 
ture 

Good for several 
months under 
refrigeration 

Same as 6 

Same as B 


Add substrate to 
the solution. 
Same as B, 
Light sensi¬ 
tive 

Same as B 


Can be filtered and 
reused indefi¬ 
nitely. Same 
as A. 


CURRENT. IiBert and run 15 rain at 40 mA. Take out wicks and 
adjust the current to 65 raA. Run until borate front reaches 6.5 cm 
from the origin (approximately 2 hr). 


STAINING SOLUTION. 0.2 Black K Salt, 175 ml distiUed H 2 O, 20 
ml of solution D, Add 5 ml of Solution E and stir for a few seconds. 
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Incubate the gels immediately in the dark for 2-4 hr. After bands are 
developed, pour off the solution, wash twice with H 2 O, and add fixa¬ 
tive solution (G). 

To make four gels: 

Gel Buffer. 50 ml of Solution B; 50 ml of Solution C; 900 ml dis¬ 
tilled HjO. The pH should be 8.6 ± 0.1. 

Starch. 120 g of hydrolyzed starch for electrophoresis (12^). 

Electrode Buffer. 1800 ml of Solution A. Adjust to pH 8.6 with 4N 
NaOH. Fill each tank with 200 ml and use the remaining 200 ml to 
rinse the sponges before placir^ them in the tanks. 


Some Useful Hints 

1. After crushing each sample put the corresponding paper wicks in 
appropriate holders. After samples of one gel are completed, close 
the holder and keep it refrigerated until the time of insertion into 
the gel. 

2. To avoid exchange of juice among samples, do not saturate wicks 
with extract, and place them 1 mm above the glass mold. 

3. Gels can be made on the eve of the run and allowed to sit at 
room temperature. Cool the gels in the refrigerator for 20 min 
before inserting samples. Keep the gels cool during operations of 
cutting the origin, insertion, and removal of wicks. These are 
done outside the refrigerator by placing them on top of cool pads 
made of wet newspaper sealed in plastic bsgs. 

4. The electrode buffer can have the pH adjusted and can be put into 
the tanks inside the refrigerator on the eve of the run. 

5. Before starting the run, warm up the power supply for at least 20 
min. When gels are taken out for removal of wicks, leave the 
power supplies on the standby position. 


CONCLUDING REMARKS 

Studies on the linkage relationship of Aps-1 and Mi provided informa¬ 
tion on the reliability of the electrophoresis technique in breeding 
tomatoes for nematode resistance (Medina-Filho, 1980). Major detMls of 
the procedure itself have been analyzed, indicating that consistent 
results can be easily obtained. 

There are several advantages of the electrophoretic technique over 
the traditional method which is based on direct infestation with nema¬ 
todes: 

Effort and Time Saving 

No progeny test is necessary to distinguish homozygous from hetero¬ 
zygous resistant plants, because these two types have distinct banding 
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patterns. In cases of direct screening with nematodes, repeated pro¬ 
geny tests may be required because of the dominance of Mi. In addi¬ 
tion, the same plants can be genotyped for Aps-1 and subjected to 
field selections for horticultural characteristics and yield performance, 
an unfeasible procedure with the traditional method. 


Extended Period of Screening 

For very extensive prc^rams a number of alternative tissues and pro¬ 
cedures can be used for screening, ranging from early classification of 
families in germination boxes, screening of seedlings before transplant¬ 
ing, screening of plants growing in the field throughout the season, and 
still two later alternatives for classifyir® individual plants even after 
harvest by storing frozen leaf samples or dry anthers. 


Dependability 

The classification of Aps-1 can be reliably performed on 3-week-old 
plants growii^ in sterilized soil. This contrasts with the traditional 
method that might take 10 weeks or more and is subject to nematode 
escapes and loss of plants due to contamination with damping-off fungi. 
Sometimes, even with the best care, very little or no infestation occurs 
in the susceptible controls and the test must be repeated. 


Economics 

Electrophoresis equipment and chemicals used for assaying Aps are 
inexpensive. Also, a single person can perform the necessary opera¬ 
tions and evaluate 140 individual plants or 70 or more families within 
an 8 hr period. 


Can Stimulate Cooperative Work 

Because of the possibility of screenii^ dry anthers or very young 
seedlings, single plant selection for yield performance and horticultural 
characteristics can be done in one area, and a few anthers or seeds of 
selected plants saved and mailed to a lab in another region or country 
to be genotyped for Aps-1. The results can be available in less time 
than when the traditional method is used at the same location as the 
selection work. A lab already equipped and routinely involved with 
electrophoresis work can genotype large numbers of plants, an easy 
task that can be performed without jeopardizing other work. The pos¬ 
sibility of such effective cooperative work can stimulate programs 
aimed at incorporation of nematode resistance by investigators not 
familiar with the methodology. 

Considering the ease of the electrophoretic technique and its high 
reliability, in addition to the aforementioned advant«®es, it is conceiv- 
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able that in the near future nematode resistance will be incorporated 
into all major tomato cultivars adapted to areas where root-knot nema¬ 
todes are already a problem or constitute a potential crop loss risk. 
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CHAPTER 34 

Mycorrhizae 

LH. Rhodes 


Vesicular-arbuscular (VA) mycorrhizae are fungus-root symbioses that 
occur in the vast majority of vascular land plants, including nearly all 
major crop plants. In the VA mycorrhizal association, fungi aid roots- 
in the uptake of inorganic nutrients while obtaining essential organic 
nutrients and growing space from the plant host. When plants are de¬ 
prived of this beneficial relationship they often grow poorly and die. 
Perhaps the most dramatic example of what can happen when the sym¬ 
biotic fungi are eliminated has been the stunting and death of citrus 
seedlings following soil fumigation with methyl bromide. Although this 
problem was initially attributed to several other causes, includir^ tox¬ 
icity from residual bromine, it was ultimately found to be caused by 
lack of mycorrhiza formation (Kleinschmidt and Gerdemann, 1972). It is 
now widely accepted that many other practices can reduce VA fungus 
populations or diminish the effectiveness of mycorrhizae (Rhodes^ 1981). 
Likewise, mycorrhizal fungus populations in some soils may be naturally 
low or dominated by ineffective species. For aU of these situations it 
may be possible in the future to introduce mycorrhizal fungi into the 
soil to achieve maximum plant productivity. 

With the realization of the importance of mycorrhizae for plant 
growth has come an interest in the production of mycorrhizal inoculum 
suitable for use in various crop production systems. Perhaps the prin¬ 
cipal limitation to inoculum production and use in agriculture has been 
the fact that VA fungi are obligate symbionts and thus cannot be pro¬ 
duced in axenic culture. The most common means of producing mycor¬ 
rhizal inoculum has been to grow the symbionts in association with a 
plant host in pot cultures. This technique was first used by Mosse 
(1953), who produced a pure (i.e., single species) inoculum of Endogone 
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species (.Glomus mosseae) on the roots of potted strawberry plants 
growing in sterilized soil in the greenhouse. Nearly 30 years later the 
technology for production of fungal symbiont cultures has not pro¬ 
gressed far beyond this point. Although techniques for production of 
mycorrhizae in gnotobiotic cultures in sterilized media have been de¬ 
veloped, utilization of these techniques has been almost nil. Surface- 
sterilized spores have been used in some research, but virtually no ex¬ 
periments have been done with aseptically produced inoculum. 

It is surprisir^ that two such rapidly expanding areas of research as 
those involvir^ plant tissue culture and myeorrhiza have not found 
common ground, particularly since the feasibility of producit^ myeorrhi- 
zal root organ cultures has been clearly demonstrated (Mosse and Hep- 
per, 1975). The purpose of this chapter, therefore, is to present some 
basic information about VA fungi and to summarize the information on 
the establishment and growth of these fungi under aseptic conditions. 
It is hoped that such information can provide a base from which the 
use of gnotobiotic culture systems can be refined and expanded. 


VESICULAR-ARBUSCULAR FUNGI 
Mychorrhizal Relationships 

The fungi that form VA mycorrhizae grow within the root cortex and 
at the same time develop extensive mycelial networks in the soil. In 
the root cortex, hyphae grow both inter- and intracellularly and often 
produce extensively branched haustorium-like structures called arbus- 
cules, and sac-like bodies called vesicles. There is no obvious chaise 
in gross morphology of the root, and thus the mycorrhizal symbiosis is 
usually overlooked in macroscopic examination of roots. However, a 
typical mycorrhizal plant probably has 5036 or more of its feeder root 
length colonized by VA fungi. When one considers this figure with the 
fact that over 9036 of all vascular land plant species normally form VA 
mycorrhizae, it is easy to see why Gerdemann (1968) has said that '^the 
amount of plant tissue infected by this group must exceed that infected 
by any other group of fungi." 

The principal benefit of the VA mycorrhizal symbiosis for the higher 
plant is an increased supply of phosphorus, which is taken up by hy¬ 
phae outside the root, translocated to internal fungal structures, and 
ultimately released into cortical cells of the root. Details of this pro¬ 
cess have recently been reviewed (Rhodes and Gerdemann, 1980; Smith, 
1980). As the phosphorus level erf the soil or growth medium is in¬ 
creased, mycorrhizal infection is reduced. This apparently results from 
physiological changes aceompanyii^ high concentrations of phosphorus in 
plant tissue, rather than a direct effect of phosphorus on growth of the 
mycorrhizal fungus (Sanders, 1975; Ratnayake et al., 1978), 


Taxonomy and Ecology 

Vesicular-arbuscular mycorrhizal fungi belong to the genera Giga- 
spara, Acaulospora, Glomus, Sclerocystis, and Entropitospora, which are 
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included in the family Endogonaceae, order Mucorales, class Zygomyce¬ 
tes. Over 80 species within these genera have been described (Trappe, 
1982). Although mycorrhizal relationships have not been defined for 
several species, it is likely that most, if not all, form VA mycorrhizae. 

Vesieular-arbuscular fungi are widdy distributed in soils throughout 
the world. In fact, it is virtually impossible to find a natural or culti¬ 
vated soil in which VA fungi are not present. Although the fungi are 
obligate symbionts, very little host specificity exists within the group. 
It is safe to say that most, if not all, species of VA fungi have the 
capacity to form mycorrhizae with several thousand higher plant spe¬ 
cies. For example, a small fraction of the economically important 
plants that form mycorrhizae with Glomus mosseae includes corn, soy¬ 
bean, wheat, rice, cotton, alfalfa, clover, tobacco, potato, tomato, pep¬ 
per, lettuce, onion, apple, pear, peach, cherry, grape, strawberry, petu¬ 
nia, geranium, chrysanthemum, maple, and redwood. Likewise, any one 
of these plants is probably capable of forming mycorrhiza with any of 
the 80 or more known species of VA fui^i. 


Reproduction 

Although VA fungi have apparent affinities with the Zygomycetes, 
none of them has been known to produce zygospores. Reproduction 
occurs by the formation of thick-walled, asexually formed resting spores 
which are referred to as chlamydospores in the genera Glomus and 
Sclerocystis, and as azygospores in the genera Gigaspora and Acaido- 
spora. The spores are among the largest fungal spores known, and in 
fact, those produced by certain species of Gigaspora regularly exceed 
400 fim in diameter and are probably the largest of aU fungal spores. 
All spores are single-ceUed, at least when initially formed, and contain 
a considerable quantity of lipid in the form of large droplets. 

Little is known of the nuclear condition of spores or of nuclear be¬ 
havior in life cycles of VA fungi. Mosse {1970a) indicated that in the 
"hpney colored sessile" spore type [Acaulospora laevis) the pregermina¬ 
tion spore and germ tubes produced by it are multinueleate. Several 
nuclei are present in the interior portion of the spore as well as in 
the peripheral (germination) compartments. Azygospores of Gigaspora 
mcrgarita are also multinueleate (Sward, 1981). Karyogamy or meiosis 
has not been described for any VA fungi. 


Spore Germination 

Although VA fungi do not undergo a complete life cycle in the ab¬ 
sence of a host, the spores will germinate when placed in a moist enr 
vironment and hyphae will make varying amounts of growth on agar. 

The mode of spore germination varies between genera and even be¬ 
tween specie within a genus. In most species of Glomus, germ tub^ 
emerge through the broken end of the subtending hypha. Glomus polii- 
dus (Hall, 1977) and Glomus dlbidus (Walker and Rhodes, 1981) are ex¬ 
ceptions to this general type of germination in Glomus, In these spe- 
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oies germ tubes emerge directly through the chlamydospore wall. 
Gigaspwa and Acaulospora species also have germ tubes that emerge 
directly through the spore wall. In some Gigaspora and Acaulospora 
species a unique type of cytoplasmic eompartmentalization occurs imme¬ 
diately prior to germination (Mosse, 1970a; Old et al., 1973; Hall, 
1977). A compartment of cytoplasm, appearing crescent-shaped in opti¬ 
cal section, is formed between the inner and outer spore walls, near 
the subtending hypha. The cytoplasm within this compartment is fur¬ 
ther divided by the deposition of several radially oriented walls. This 
results in the formation of several germination compartments, from 
which germ tubes emerge through the outer spore wall. This type of 
eompartmentalization does not occur in Gigaspora margarita (Sward, 
1981) and probably not in some other Gigaspora species. The modes of 
germination of spores of Sclerocystis spp. and Entrophospora irfrec[uens, 
the only species in this genus, have not been described. 

Spores stored in moist soil at 4-10 C can remain viable for several 
years, and when taken from refrigerated pot cultures, surface disinfest¬ 
ed, and placed on agar, usually begin to germinate within a few days. 
However, Daniels and Duff (1978) found that three of four isolates of 
Glomus mosseae did not readily germinate on agar. When these same 
isolates were buried in a pasteurized soil mix in which a Coleus plant 
was growing, germination was 35-40%, suggesting that soil or root dif- 
fusates may have been necessary to break spore dormancy. Mosse 
(1959) found that a soil dialysate stimulated germination. This stimula¬ 
tory effect was not obtained with dialysate from sterilized soil. Simi¬ 
lar results were obtained by Daniels and Graham (1976); however, when 
similar or greater amounts of dialysate from chloropicrin-treated soil 
were also added to the agar, spore germination was completely inhibit¬ 
ed. They concluded that excessive nutrients released during soil steril¬ 
ization were responsible for inhibition of germination. This conclusion 
was supported by the fact that both potato dextrose agar and nutrient 
broth agar were inhibitory to spore germination at standard concentra¬ 
tions, but inhibition diminished as the level of nutrients in the medium 
was decreased. Similarly, Mosse and Hepper (1975) reported that germ¬ 
ination of Endogone (Glomus) mosseae was 95% after 14 days on water 
agar, but only 12% or less when spores were incubated on White's 
medium (White, 1963), which contains relatively high nutrient levels. 

The effect of pH on germination varies with fungal species used and 
probably also with ecotypes within the species. Green et al. 
found that over a range of pH values from 4 to 8 Gigaspora cormloiaea 
germinated optimaUy at pH 5, whereas Glomus mosseae and Gigaspora 
heterogama germinated optimally at pH 6 and 7, respectively. At pH 
9 Glomus mosseae germination was stiU greater than 40%, whereas no 
germination occurred in either Gigaspora species- At pH 4 the con¬ 
verse was true, with G. earcdloidea germination above 40% and Glomus 


mosseae germination 0%. , „ 

In contrast to the dramatic effects of high P concentration on root 
infection by VA fungi, effects of P on spore prminati^ have been 
minimal or absent (Mosse and PhiUips, 1971; Daniels and 1980. 

Koske, 1981). This supports the hypothesis that inhibitory effects of P 
result from physiological changes in the plant rather than a direct 


effect of P on the fungus. 
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The ions Zn2+, Mn2+, and have been shown to be inhibitory to 

spore germination, even when present in minute amounts. Hepper and 
Smith (1976) found that Zn^+ and Mn2+ added to water agar at concen¬ 
trations below 1 >ig/g inhibited germination of one or more isolates of 
Endogone {Glomus) mosseae. Preparations of some commercial agars 
with relatively high concentrations of these ions were inhibitory to 
spore germination (Hepper, 1979). Further studies substantiated the 
toxicity of MnS 04 , ZnS 04 , or CUSO 4 on germination of Glomus caledo- 
nius spores on water agar (Hepper, 1979). The effects of heavy metal 
ions are not permanent. However. Spores that failed to germinate on 
heavy metal-amended agar for 28 days germinated normally when trans¬ 
ferred to water agar (Hepper, 1979). 

Hirrel (1981) found that germination of Gigaspora margarita was re¬ 
duced when spores were exposed to various Na+ and Cl“ salt solutions. 
Germination rate appeared to be affected more by Cl“ than by Na+. 
Sodium chloride, KCl, CaCl 2 , NaNOs, and Na 2 S 04 at 2.14 x 10"^ M, re¬ 
duced germination to 20, 0, 13, 25, and 4796, respectively, as compared 
to lOOas germination in the water control. Ionic concentrations of Na+ 
and Cl“ at or below 8.6 x 10'^ M had no measureable effect on germi¬ 
nation. Ungerminated spores transferred to 0.01 glucose after 12 days 
exposure to salt solutions recovered germinability at various rates. 
Sodium chloride and KCl pretreatments result in slower recovery rates 
and lower maximum percentage of germination. 

Cycloheximide greatly reduced germination of two isolates of Glomus 
caledonius at 0.7 ng/ml and completely inhibited germination at 1.4 
fig/ml (Hepper, 1979). This suggests that protein synthesis is required 
for germination. In this respect, spore germination of G. caledonius is 
more characteristic of saprophytic fungi than of obligate parasites 
(Hepper, 1979). 


Hyphal Growth in Culture 

Germ tubes of VA fungi grow along the agar surface or into the e^ar 
and initially are straight, thin-walled, and infrequently branched. 
Under the microscope they appear hyaline to somewhat yellowish. The 
total length of hyphae produced by one spore or surface-sterilized root 
segment usually does not exceed more than a few millimeters. As 
growth continues, the walls of older hyphae thicken. Thin-walled 
branches arise at various points along the main hyphae. These branch¬ 
es often become vacuolated, septate, and collapsed shortly after their 
formation. If the medium is suitable for relatively extensive hyphal 
growth, new spores begin to appear within a few days (Mosse, 1959; 
Hepper, 1979). These spores apparently never reach maturity, and at¬ 
tempts to subculture from axenic cultures with or without such spores 
have consistently failed. 

A rapid, bidirectional cytoplasmic streaming in germ tubes produced 
in agar culture is easily observed with the light microscope (Rhodes 
and Gerdemann, 1980). Cytoplasmic streaming is probably important for 
germ tube growth, since continued hyphal elongation seems to be de¬ 
pendent on translocation of a compound or compounds from spores to 
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hyphal tips. Very little attention has been given to this phenomenon, 
which is unusual considering the role that cytoplasmic streaming must 
play in the translocation of nutrients to plant roots. The cytoplasmic 
streaming inhibitor, cytochalasin B, stopped cytoplasmic streaming and 
consequently P translocation to roots through external hyphae of G. 
mosseae on an agar medium (Cooper and Tinker, 1981). Cytochalasin B 
may also prove useful in studies on the relationship between streaming 
and continued germ tube growth. 

A phenomenon known as wound healing occurs in germ tubes of Giga- 
spora species (Gerdemann, 1955b). This phenomenon has apparently not 
been observed in other genera of VA fungi. It was not observed in 
Glomus macrocarpus under conditions where numerous sites of wound 
healing were seen in Gigaspora margarita (Shafer et al,, 1981). If a 
localized region of the hypha dies, regrowth occurs from each living 
hyphal end adjacent to the dead hyphal segment. The two growing 
points are attracted to each other and in a matter of a few hours 
grow together and anastomose. This kind of wound healing reestablish¬ 
es a bridge of living cytoplasm from the original growing tip of the 
germ tube to the parent spore. Although the significance of this phe¬ 
nomenon has not been completely determined, it nevertheless indicates 
the importance of a cytoplasmic connection between the germ tube 
growing point and the germinated spore. It may be inferred that a 
specific stored nutrient or growth factor must be continuously trans¬ 
located from the spore to the growing hyphal tip, at least until root 
infection takes place. 

Another feature of growth in agar culture which has only been re¬ 
ported for Gigaspora spp. is hyphal geotropisra (Watrud et al., 1978a). 
Germ tubes of Gigaspora margarita on water ^ar grew upward (i.e., 
were negatively geotropic) no matter what the orientation of the 
germinating spore. Hyphal branches from these germ tubes invariably 
grew downward. Possible effects of oxygen and light were ruled out on 
the basis of several variations in the germination experiments. Similar 
results were obtained with G. gigantea in attempts to establish mycor- 
rhizal root organ cultures (J.W. Gerdemann, personal communication). 
Azygospores of G. gigantea were placed in close proximity to excised 
tomato roots. Aerial germ tubes were produced from spores on the 
agar surface. Additional hyphae often penetrated the agar, with no 
apparent attraction to living roots. This type of growth pattern is not 
easily explained, particularly in light of the ultimate necessity for the 
fungus to make root contact. _ _ , • k 

Chemotropism does not appear to play a significant role in the 
growth of hyphae prior to infection. Hyphae are not attracted to 
roots (Mosse, 1959; Mosse and Hepper, 1975; Hepper and Mosse, 1975). 
Contact of roots by hyphae occurs more or less by chance, with the 
first roots contacted almost never serving as infection sites (Hepper 
and Mosse, 1975). Although root contact by hyphae may induce more 
profuse hyphal growth (Mosse, 1959), hyphae may actually grow over 
several roots with no apparent stimulus provided by root contact 
(Mosse and Hepper, 1975). . . 

The only evidence for chemotropism in VA fungi is the attraction 
which occurs between hyphae prior to anastomosis. This is particularly 
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evident in the wound-healing response of Gigaspora spp. (Gerdemann, 
1955b). The hypha originating next to the distal end of the wounded 
hyphal segment grows closely appressed to the wounded (dead) segment. 
The hypha regenerated near the proximal end of the wound does not 
show this close attraction to the wounded segment, but grows away 
from it, in more or less the same direction as the original germ tube. 
When the two regenerated hyphae are in close proximity, the growing 
tips bend toward each other, and growth continues until the tips anas¬ 
tomose. This pattern suggests two ehemotropic responses, namely, the 
attraction of one hypha to the wounded segment and the attraction of 
both wound-healing hyphae toward the opposite, actively growing 
hyphal tip. The possibility that the former response is thigmotropic 
rather than ehemotropic cannot be excluded. 


GNOTOBIOTIC CULTURES 
Surface Decontamination of Spores 

Establishment of aseptic cultures is dependent on removal of adherent 
bacteria and fur^ from the surfaces of VA fungus spores. When inocu¬ 
lum is produced in soil it may take 2-3 months to establish an aseptic 
culture. An abundant microflora usually develops on spore surfaces. 
Pits, ridges, and other types of spore ornamentation, as well as crack¬ 
ing and flaking of the outer spore wall, often make surface sterilization 
difficult. Mosse (1959, 1962) has taken advantage of the protective 
nature of the peridium of a sporocarpic species (Glomus mosseae) to 
obtain relatively uncontaminated spores. Chlamydospores dissected from 
the sporocarps are relatively free of surface contaminants. However, 
this procedure can only be used for isolates of this species with easily 
separable peridia. Other isolates of G. mosseae often have tightly 
adherir^ peridia (Daniels and Duff, 1978) from which spores are not 
easily dissected. Another source of relatively contaminant-free spores 
are those of Glomus epigaeus present in the interior of large epigeous 
sporocarps (Daniels and Thorpe, 1979). 

Fortunately, the large, thick-walled spores of VA fur^i are relatively 
resistant to some common sterilant solutions. The two most frequently 
used sterilants have been 2^ chloramine T plus 200 ppm streptomycin 
(Mosse, 1959; Hepper and Mosse, 1980) and 0.5* sodium hypochlorite 
(10* commercial bleach) (Gerdemann, 1955a). In the former method the 
length of time in the sterilant solution is approximately 20 min. In 
the latter method the time of sterilization is usually 1-3 min. In both 
methods the sterilant solution is drained off and spores are rinsed 
through one or more changes of sterile distilled water. Tommerup and 
Kidby (1980) examined viability of VA fungi and associated microorgan¬ 
isms following treatment with oxidizing agents, antibiotics, moist heat, 
ultrasonic radiation, and ultraviolet radiation. Chlorine from chlora- 
mine-T or sodium hypochlorite was effective in eliminating contaminat- 
ii^ surface microorganisms without reducing viability of VA fungi; 
however, chlorine concentrations in commercial preparations of sodium 
hypochlorite were found to be highly variable. The method ultimately 
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selected for routine use in spore decontamination was: immersion in 
5% ehloramine-T (0.4235 chlorine, w/v) at 30 C for 20-40 min, followed 
by rinsing and incubation on media containing 100 pg/ml chlorampheni¬ 
col. It should be noted however, that incubation of spores on antibio¬ 
tic-amended media may only temporarily suppress bacteria and thus 
mask the potential for contamination when germinated spores are trans¬ 
ferred to more complete media. This is particularly true when subse¬ 
quent incubation periods are to be longer than a few days. In some 
cases it may be advisable to plate treated spores on a complete 
medium such as nutrient agar or potato dextrose agar for a period of 
1-2 days, to ensure the absence of surface contaminants (e.g., Ross and 
Harper, 1970). Clean spores may then be aseptically transferred to 
water agar or other medium suitable for spore germination. 

The fungi Glomus ccdedonius and Acaulospora laevis were found to be 
extremely resistant to UV radiation, with germination and hyphal 
growth being unaffected by exposure to 5 x 10® ergs/em^ (Tommerup 
and Kidby, 1980). Although it was judged impractical for routine 
laboratory procedures, UV radiation deserves further attention, 
considering its potential usefulness in selective disinfestation of VA 
fur^us spores. 


Attempts at Axenic Culture 

There have probably been a great many more attempts to establish 
VA fungi in axenic culture than have actually been reported in the 
literature, since negative results are invariably obtained. Barret (1947, 
1961) reported the isolation and culture of a Rhizophagus spp. (= Glom¬ 
us (Gerdemann and Trappe, 1974)) using a hemp seed baiting technique. 
Although his procedures are straightforward, his experiments, which 
include synthesis of myeorrhizae with one of the fungal cultures, have 
never been repeated. 

It has normally been assumed that cessation of hyphal growth in 
culture is not a function of depletion of food reserves in spores. Mosse 
(1959) determined that if a germ tube that had stopped growing was 
severed from the spore, the spore was still capable of regermination 
and could support the same amount of germ tube growth a second and 
even third time as that which had occurred previously. This suggested 
that self-inhibition of hyphal growth could be occurring. 

This hypothesis has been investigated by experiments incorporating 
activated charcoal into an agar medium on which Gigaspora margarita 
spores had germinated (Watrud et al., 1978b). The extent of hyphal 
growth was significantly greater in charcoal agar as opposed to water 
agar plates. In further experiments placement of charcoal agar weUs 
in center or peripheral positions in the plate indicated that the growth 
stimulation occurred when hyphae were in close proximity to the char¬ 
coal. Finally, pretreatment of spores or water with charcoal did not 
stimulate hyphal growth. Although possible nutritive effects of added 
charcoal cannot be positively excluded, these experiments nevertheless 
strongly support the hypothesis that self-inhibitory compounds are pro¬ 
duced by growing germ tubes of G. mergarita and can be absorbed by 
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activated charcoal present in the media. Such results are similar to 
those obtained by Day and Anagnostakis (1971) for Ustilago maydis, an 
organism previously considered an obligate parasite. 

The limited growth of hyphae from germinated spores may be en¬ 
hanced or inhibited by addition of several substances to the culture 
medium. Dialysate from sonicaUy disintegrated roots stimulated hyphal 
growth of an Endogone sp. (Glomus mosseae) on agar (Mosse, 1959). 
Similar results were obtained with dialysate from disintegrated CTrlorella 
cultures but not with disintegrated shoot tissue. Tartaric acid as weU 
as some other organic acids stimulated hyphal growth, but maltose, 
sucrose, and glucose were inhibitory (Mosse, 1959). In contrast, 
Hepper (1979) found no inhibitory effect of a number of sugars and 
sugar alcohols on growth of Glomus caledonius when these were present 
at 0,134 in a medium with pieces of boiled lima bean seed. The lack of 
inhibition may have been attributable to differences between G. 
mosseae and G. ccdedonius; however, the boiled lima bean seed was 
shown to be stimulatory to hyphal growth and may have overcome any 
inhibitory effect of the sugars. In addition to boiled seed fragments, 
Hepper (1979) found that peptone, yeast extract, and thiamine promoted 
growth of G. caledonius. Several metabolic inhibitors, including cyclo- 
heximide, aetinomycin D, proflavine hemisulphate, 5-fluorouracil, and 
ethidium bromide, reduced hyphal growth. 


Monoxenic or "Two-Member" Culture 

Cultures of aseptically synthesized mycorrhizae fall into two cate¬ 
gories: whole plant cultures and excised root (root organ) cultures. 

Both types of cultures can be considered gnotobiotic or monoxenic 
systems (Dougherty, 1960) and are referred to in this chapter as mono¬ 
xenic or "two-member" cultures, the latter term havit^ been used 
frequently for mycorrhizal systems. Approximately 12 studies have 
involved the aseptic synthesis of VA fungus-host plant culture (Table 
1). The majority of cultures have been combinations involving clovers 
(Trifolium spp.) and Glomus spp., particularly G. mosseae. 

The establishment of pure two-member cultures was first reported by 
Mosse (1962). Her results indicated, however, that appressorium forma¬ 
tion and root penetration were much more likely to occur if a Pseudo¬ 
monas species was present in the culture. Cell-free or autoclaved 
extracts from cultures in which Pseudomonas was present, pectinase, or 
EDTA also facilitated the establishment of mycorrhizal infections in 
some cases, but the most consistent of effects on the proportion of 
successful inoculations were provided by the presence of Pseudomonas 
or by chance bacterial contamination. It was therefore suggested that 
three organisms, i.e., fungus, plant, and bacterium, might be necessary 
for synthesis of mycorrhizae. The medium used in these experiments 
was originally designed for legume nodule culture (Jensen, 1942) and 
while low in nitrogen, had a relatively high phosphorus content. It 
was later su^ested (Mosse and Phillips, 1971) that the difficulties 
encountered in est£iblishing pure two-member cultures were attributable 
to the h^h P levels of the medium. Presumably, the bacterial contami- 
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nants absorbed P from the medium, allowing infection to occur. It is 
now widely accepted that organisms other than a VA fungus and appro¬ 
priate plant host are unnecessary for establishment of mycorrhizal 
infection in agar culture. 

With the exception of minor differences in the salts used to provide 
inorganic nutrients, the components of various media used in whole 
plant-mycorrhiza culture experiments have been very similar (St. John 
et al., 1981; Hepper, 1981; Allen et al., 1979, 1981; Macdonald, 1981). 
The medium must provide inorganic nutrients for plant growth, with 
organic nutrients being obtained by the fungus primarily or entirely 
from the plant symbiont. 

Of particular significance has been the source and concentration of 
phosphate in the medium. It is well known that high soil P concentra¬ 
tions result in low levels of mycorrhizal infection. This inhibitory 
effect of P is also evident in aseptic cultures. Mosse and Phillips 
(1971) found that a number of organic P sources or CaHP04 were ade¬ 
quate for development of VA infection in agar media, provided that P 
concentration was not excessive. Ca-phytate and DNA, in particular, 
resulted in increased intensity of infection and external mycelium 
growth. 

Allen et al. (1981) incorporated various P sources into a basic 
medium so that the final concentration of P was 1.4 mM in all media. 
Mycorrhizal infection of Bouteloua gracilis was 758s when Ca-phytate 
was the sole P source, and less than one-third of this value when 
NaH 2 P 04 or NaH 2 P 04 + Ca-phytate was used. When NaH 2 P 04 + inosi¬ 
tol or NaH 2 P 04 + Ca + inositol was incorporated into the basic 
medium, no mycorrhizal infection occurred. These results would tend 
to indicate the importance of P source; however, P concentrations 
given (1.4 mM) reflect total P added to the medium rather than soluble 
P available for uptake by roots or mycorrhizal fungi. Thus the high 
level of infection which occurred in the Ca-phytate medium may simply 
reflect the insolubility of this form of organic phosphate and resultant 
lower P concentration in the medium. This is substantiated by the 
considerably lower concentrations of P in leaves of plants in the 
medium containing Ca-phytate as the sole P source (Allen et al., 1981). 

Althot^h concentration rather than source of P may be a more 
important factor affecting level of mycorrhizal infection in aseptic cul¬ 
ture, the use of organic P sources such as Ca-phytate may be an ideal 
way to provide a balanced, slowly released supply of P to the mycor¬ 
rhizal cultures. Other slowly soluble forms of P such as hydroxyapatite 
(St. John et al., 1981), and bonemeal (Hepper, 1981) have also proven 
useful. 

A modification of White's (1963) medium has been used for the estab¬ 
lishment of root organ cultures (Mosse and Hepper, 1975; Hepper and 
Mosse, 1980). This medium contains essential inorganic nutrients (inclu¬ 
ding KI) plus glycine, thiamine HCl, nicotinic acid, pyridoxine, and 
sucrose. Mosse and Hepper (1975) used divided plates to separate a 
complete medium (modified White's medium), which was satisfactory for 
maintenance of root organ cultures, and a low nutrient medium, which 
had previously been shown to be conducive to mycorrhizal infection. 
This design was found to be satisfactory, with good infections develop- 
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ii^ in the low nutrient medium. However, infections were no more 
extensive than in a 1:1 mixture of the two media. 

Because of difficulties encountered in obtaining germinated spores in 
complete s^ar media that would otherwise support growth of whole 
plants or excised roots, pregerminated spores have often been used to 
synthesize myeorrhizae in culture (Hepper, 1981; Mosse and Hepper, 
1975; Macdonald, 1981). 


Application of Gnotobiotic Culture Techniques 


It has been suggested that definitive work on taxonomy or physiology 
of VA fungi must await axenie culture of these organisms. However, 
the taxonomy of many of the largest and economically most important 
fungal groups, including the rusts, powdery mHdews, downy mildews and 
the majority of basidiomyeetes, is based on the characteristic morphol¬ 
ogy of these fungi in association with their hosts or in their natural 
habitats. Considerable advances have been made in the taxonomy of 
VA fungi during the past 20 years, and it seems extremely unlikely 
that axenie culture will substantially alter current taxonomic criteria. 
Likewise, physiological studies have elucidated many of the mechanisms 
whereby mycorrhizal fungi increase the supply of phosphate and other 
nutrients for the plant symbiont and obtain and utilize organic com¬ 
pounds. These studies, as well, will not be negated by research on 
two-member systems. Researchers have also contended that commercial 
utilization of VA fungi will not be feasible until it can be assured that 
mycorrhizal inoculum is free of contaminating microorganisms, particu¬ 
larly plant pathogens. Considering the widespread use of nonsterile 
prop£gation media, mulches, and organic amendments used by m^y 
commercial horticulturists, it is unlikely that the addition of microbio- 
logieally impure inoculum would be viewed by growers as a serious 
hazard, if the potential for benefit from inoculation could be adequately 


demonstrated. 

The preceding disclaimers notwithstandir^, there are several reasons 
for pursuing expansion of gnotobiotic culture techniques. ^ These 
include; (1) improvements in the standardization and purity of inocula 
used in mycorrhizal research; (2) elimination of fungal hyperparasites; 
and (3) potential improvement in symbiotic effectiveness of VA fungi 
through genetic manipulation of selected isolates. 

There can be no question as to the need for imfffovements in inocu¬ 
lum production for research purposes. Although there is nothing inh^ 
ently inferior with the pot culture system, in practice, single species 
pot cultures often turn into mixed bags of two or more species m a 
result of incomplete soil sterilization, of soil splash from overhead 
watering, or perhaps occasionally from dust or insect movement or 
spores. If research is conducted without careful examination of inocu¬ 
lum before each experiment, erroneous results are certain to occur. 

The second disadvantage of the use of pot cultures is that almost au 
such cultures are initiated with several spores, usually ^^^Picked 
from a field population. Although these spores are morphologic^ 
similar, they could have considerable genetic diversity. Since single- 
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propagule aseptic cultures are feasible, it would seem preferable that 
inoculum be produced in this manner. The use of well-characterized 
single spore isolates free from contaminant microorganisms could pro¬ 
vide a more accurate picture of the potential use of VA fungi in vari¬ 
ous agricultural systems. 

Finally, the use of pot cultures eliminates or greatly reduces the 
exchai^e of research materials across international boundaries. Such 
exchange is vital to studies comparing symbiotic effectiveness of vari¬ 
ous isolates and would be facilitated by widespread adoption of aseptic 
culture techniques. 

Glomus and Gigaspora species are frequently parasitized by other 
fungi (Daniels and Menge, 1980; Ross and Ruttencutter, 1977; Schenek 
and Nicolson, 1977) and by mycophagous nematodes (Shafer et al,, 
1981). An Endogone species (.Accojlospora laevis) was found to harbor 
bacteria-like organisms, but the pathogenicity of these organisms was 
not determined (Mosse, 1970b), Pot cultures of Gtgfospora species tend 
to lose viability with time, which may be accounted for by hyperpara¬ 
sitism. Production of inocula under aseptic conditions could eliminate 
hyperparasites and allow for increased longevity of mycorrhizal inocu¬ 
lum. 

The use of two-member cultures could also provide a system for 
screening various species and isolates of VA fungi for susceptibility to 
hyperparasitism. Although hyperparasitism has not been considered in 
experiments comparing the symbiotic effectiveness of different species 
of VA fungi, there is undoubtedly considerable variation in their sus¬ 
ceptibility to these pathogens. Screening for disease resistance could 
become as important for improvement of fungal symbionts as it current¬ 
ly is for crop plants. 

Tlie anastomoses between germ tubes of different parent spores in 

Glomus species (Mosse, 1959, 1962) provide avenues for movement of 

nuclei, and although such nuclear migration has not been reported, it 

almost certainly occurs. Thus a form of parasexualism probably exists 
in VA fungi, and utilization of this phenomenon could allow for matii^ 
of selected isolates. Such work necessitates growth of the fungi in a 
relatively clear medium where the point of anastomosis can be easily 
observed. The use of root organ cultures could be particularly advan¬ 
tageous for this type of fungal hybridization. By bringing together two 
root pieces infected by two isolates of, e.g., G. mosseae, spores pro¬ 
duced in external hyphae where anastomoses have clearly occurred 

could be used to inoculate new plants. 

In addition to the potential for breeding improved isolates of VA 
fungi, the property of hyphal anastomosis could be useful for taxonomic 
purposes. For example, a widely used classification of Rhizoctonia is 
based on anastomosis with known isolates from four anastomosing groups 
(Parmeter, 1969), Mosse (1961) first suggested the use of this tech¬ 
nique for VA fungi; however, there does not appear to have been any 
use of the method to date. 

Currently, mycorrhizal fungi can be cultured only on the cortical 
tissue of roots. These roots may be separated from the whole plant, 
as in root organ cultures, but as yet no one has successfully subdivided 
or modified this unit, i.e., the root cortex, as a food base. The fact 
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that VA fungi have such a high degree of specificity for the root cor¬ 
tex, yet readily cross the boundaries between orders and even classes 
of plants as long as this requirement is met, points out the importance 
of this particular type of parenchymatous tissue for their growth and 
development. Lesion nematodes (Pratylenchus spp.) are also obligate 
parasites of higher plants, whose nutritional base is the root cortex, 
yet those organisms are now produced in high populations under aseptic 
conditions on a routine basis using modified c^us cultures (Chapter 
32). Likewise, Beardmore and Pegg (1981) have recently synthesized 
orchid mycorrhizae in undifferentiated masses of orchid tissue main¬ 
tained on agar media. Thus in the future it may be possible to use 
eaUus or modified callus cultures to produce VA fungus inoculum. 

Only a few of the multitude of possible host-fui^us combinations have 
been used in syntheses of two-member cultures. Consequently, much 
remains to be learned about the growth and development of various 
species in monoxenic culture. Certainly the enormous potential for use 
of VA mycorrhizal fui^i to increase crop productivity should lend impe¬ 
tus to increased research activity in the gnotobiotic culturing of these 
organisms. 
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CHAPTER 35 

Evaluation of Coffee Rust 

M. Alves de Lima and RO. Larsen 


Cultures of HemUeia vastatrix Berk. & Br. on coffee leaf disks have 
been used to study some of the characteristics of host-pathogen inter¬ 
action (Costa et al., 1978; Eskes, 1977; Narasimhswamy et al., 1961; 
Nutman and Roberts, 1963). The same resistance reaction to H. vosta- 
trix observed on field-grown coffee plants is also expressed on leaf 
disks, allowing studies on the selection of resistant germplasm to be 
conducted under laboratory conditions (Costa et al., 1978). Tissue cul¬ 
ture technology provides for the establishment of an in vitro coffee leaf 
disk-rust fungus association which is free of microbe contaminants. 
This in vitro host-parasite association permits maintenance of isolated 
races of H. vastatrix as well as providing an environment to make ac¬ 
curate physiological studies pertaining to H. vastatrii-plant host inter¬ 
action. 

Obtaining aseptic inoculum has been considered a limiting factor to 
the establishment of in vitro host-obligate parasite systems (Brian, 
1967; Ingram, 1977; Ingram and Toramerup, 1973; Yarwood, 1956). 
Uredospores free from simfaee contaminants have usually been obtained 
by surface sterilizing infected plant parts at an early stage of uredo- 
sorura development, shortly before spores are freed from i^edosori 
(BushneU, 1968; Coffey et al., 1970; Coffey and Shaw, 1969; Coffey and 
Allen, 1973; Jones, 1972; Kuhl et al., 1971; Maheshwary et al., 1967; 
Singleton and Young, 1968; Turel, 1969; Turel and Ledingham, 1957; 
Williams et al., 1966). This chapter discusses a f^ocedure that can be 
used to maintain pure cultures of HemUeia vastatrix on coffee leal 
explants maintained in vitro. 


941 


942 Modifications and Applications 

Aseptic H, vastatrix uredospores can be obtained only from mature 
lesions on leaf explants excised from surface sterilized coffee leaves. 
A mature lesion is defined as a lesion that has developed beyond the 
yellow fleck stage with recognizable uredospores present in the center 
of the lesion. This procedure differs from those previously used to ob¬ 
tain aseptic uredospores of rust fungal species such as Puccinia spp. 
(Bushnell, 1968; Coffey and Shaw, 1969; Coffey and Allen, 1973; Kuhl 
et al., 1971; Maheshwari et aL, 1967; Singleton and Young, 1968; 
Williams et al., 1966), Alelompsoro lini (Coffey et al., 1970; Turel, 1969; 
Turel and Ledingham, 1957) and Uromyces dianthi (Jones, 1972) in that 
they include surface sterilization of leaves having lesions at the yellow 
fleck stage. Morphological studies of H. vastatrix uredosori (Gopal- 



Figure 1. Scanning electron micrograph of HemtLeia vastatrix Berk. & 
Br. uredospore on Coffea arabica L. leaf (800x). (a) Uredosorus with 

young immature spores protrudir^ at the stomate opening; (b) Uredo¬ 
sorus with mature spores packed at the stomate openii^. 
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krishna, 1951) have shown that horizontal hyphae extend immediately 
beneath the epidermis forming clusters or fascicles in the substomatal 
spaces. These clusters or fascicles pass through the stomatal opening 
and produce spores, either directiy at the tips of hyphae or on special¬ 
ized basal cells. Sporulation occurs only outside the host, without 
rupturing the guard cells or the adjacent epidermis. Uredia in Puc- 
cinia, Uromyces, and Melampsora species are erumpent (Cummins, 1959). 
Therefore, when lesions caused by those fungi are sterilized at the 
yellow fleck stage, sporogenous cells are still protected by the 
epidermis. In the ease of H, vastatrix one may speculate that when 
sterilization treatment is conducted at the yellow fleck stage the 
hyphal tips or the specialized basal cells are directly exposed to the 
sterilizii^ solution and are likely to be damaged, thereby stopping the 
sporulation process. On the other hand, when the sorus is mature, the 
cluster of uredospores formed (Fig. 1) apparently acts as a barrier to 
the sterilizing agent in protecting the sporogenous cells. 


PROTOCOLS 

Leaves with mature coffee rust lesions from greenhouse-grown coffee 
plants are surface sterilized with sodium hypochlorite from which leaf 
explants containing lesions are excised. The explants are bioassayed 
for contamination by plating on potato dextrose agar (PDA) and then 
transferred to French square bottles containing water agar medium. 
When lesions resume sporulation, uredospore samples are collected and 
transferred to PDA plates to bioassay for contamination and viability 
(Fig. 2). Viable spores that prove to be aseptic are transferred to dis¬ 
infected coffee leaf explants maintained in French square bottles on 
water agar medium. As new lesions develop from the inoculations, it 
is possible to maintain a continuous source of aseptic inoculum by 
monthly transfers of uredospores from mature lesions to sterile coffee 
leaf explants. The uredospores are routinely checked for contamination 
and viability at each transfer (Fig. 3). 

A detailed stepwise description of the procedure followed to obtain 
pure cultures of Hemileia vastatrix on Coffea arabica leaf explants is 
provided below. 


Coffee Plant Inoculation 

1. Transfer uredospores with a camel's hair brush to the underside of 
the second and third youngest pairs of leaves of greenhouse-grown 
coffee plants. 

2. Mist the plants with water using an atomizer, and se^ the plants 
in jdastic bags to maintain free water on the undersides of leaf 
surfaces. 

3. Incubate the plants at 22-24 C for 72 hr in the dark. 

4. Remove the bags and transfer plants to greenhouse benches until 
mature lesions develop, which occurs within 4-7 weeks. 
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Figure 2. Schematic representation of procedure followed to obtain 
aseptic uredospores of HemUeia vastatrix Berk. & Br. produced on 
Coffea arabica L. plants. 


Surface Sterilization of Leaves with Mature Lesions 

1. Select leaves with mature lesions from inoculated plants, 

2. Wash the leaves in tapwater followed by double distilled water. 

(The following steps should be performed under a laminar flow, filtered 
air hood.) 

3. Surface sterilize leaves in ISS sodium hypochlorite for 20 min (20^ 
commercial bleach). 

4. Rinse the leaves three times in sterile double disttUed water. 

5. Excise leaf explants with mature leasions using a sterile blade, 
leaving about 3 mm of surrounding healthy tissue. 


Bioassay for Ck>ntamination on Leaf Explants 

1. Incubate excised leaf explants with mature lesions for 48 hr at 25 
C in Petri dishes containing potato dextrose agar. 

2. Transfer uncontaminated leaf explants to 30 ml French square bot¬ 
tles containing 10 ml of 1% water agar medium. 
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REPEAT 
AT 1-MONTH 
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CONTINUOUS 

MAINTENANCE 



Figure 3. Schematic representation of the procedure followed to main¬ 
tain Hemileia vastatrix Berk. & Br. pure cidtures on Co/jfea arabica L. 
leaf explants. 


Bioassay for Uredospore Contamination and Viability 

1. When lesions on leaf explants transferred to water E^ar medium re¬ 
sume sporulation, collect a uredospore sample from each lesion 
with the tip of a sterile dissecting needle and transfer to potato 
dextrose agar plates. 

2. Incubate transferred uredospore samples for 48 hr at 22-24 C in 
the dark. 

3. Examine uredospores for contamination, 

4. Spore germination is based on microscopic examination (lOOx magni¬ 
fication) of 100 spores from each sample. S^res are considered 
germinated when at least one of the five possible tubes exceeds 5 
(im. 


Leaf Explant Inoculation Under Aseptic Conditions 

1. Surface sterilize healthy coffee leaves as above. 

2. Excise leaf explants with a sterile blade, and bioassay for contami¬ 
nation as described above. 

3. Transfer aseptic and viable uredospores from the lesion bioassayed 
with a sterile dissecting needle to healthy, sterile coffee leaf ex¬ 
plants on water agar in French square bottles. 
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4. Incubate the inoculated explants at 22-24 C in the dark for 72 hr, 
then transfer them to conditions providing about 12 hr light (6000 
lux) daily. 


Maintenance of Cultures 

1. Uredospores from lesions produced on inoculated explants (above) 
are transferred to healthy sterile coffee leaf explants at 1 month 
intervals to provide a continuous supply of aseptic uredospores. 

2. Uredospore samples are routinely bioassayed for contamination and 
viability as described above to ensure maintenance of monoxenic 
cultures. 



Figure 4. Scanning electron micrograph of infection structures formed 
by Hemileia vastatrix Berk. & Br. uredospore on an elongated paren- 
chymar-like coffee cell (CC). Note the appressorium (AP), infection peg 
(IP) (arrow), vesicle (V), and germ tube (GT) with irrfection hypha (IH) 
(2290x). 
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FUTURE PROSPECTS OF IN VITRO SELECTION OF COFFEE RUST- 
RESISTANT PLANTS 

Disease-resistant plants have been regenerated from cells selected in 
culture for resistance to toxins produced by plant pathogens (Brettell 
and Ingram, 1979). Selection and regeneration of resistant cell lines 
using dual cultures of fungi and host caUus tissue is another possibility 
to be considered. This has been proposed for Coffea breeding programs 
seeking resistance to HemReia vaatatrtx (Sondahl and Sharp, 1977c). It 
was suggested that coffee plants regenerated from rust-resistant leaf 
explant cells from dual cultures (Sondahl and Sharp, 1977a,b) could pro¬ 
vide a source for development of plants resistant to the coffee rust. 
Techniques to obtain dual cultures of obligately parasitic fungi, other 
than rust fungi with callus cultures, were recently reviewed (Buczacki, 
1980; Ingram, 1980; Webb and Gay, 1980). Similar information is not 
available relating to dual cultures of rust fungi using callus cultures. 
Attempts to infect Coffea arabica callus tissue with H. vastatrix were 
not successful (Alves de Lima, 1980). Upon inoculation of caUus, ure- 
dospores formed germ tubes, appressoria, infection pegs, vesicles, and 
infection hyphae on the callus surface but penetration did not subse¬ 
quently occur (Fig. 4). Composition of the caUus growth medium 
should be examined, since variation in combinations of growth hormones 
and some inorganic salts have been shown to influence rust infection of 
Puccinia graminis f. sp. tritici (Wang, 1959). 
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Brassicoraphanus, 610 
Bromus inermus, 96-97, 109, 158, 
232 

Broussonetia kazinoki, 39 
Browallia viscosa, 23-24, 146 
Bursapholenchus xylophilus, 882, 
884, 887 

Cajaruis cajan, 29, 30, 232, 243, 
266-268 

Camellia japonica, 783-784, 788 

C, sasanqua, 788 
Campylobacter, 839 
Canavdlia ens^ormis, 858, 859- 

860 

Caphedotus follicalaris, 181 
Capsella bursapastoris, 181 
Capsicum annuum, 23-24, 146, 

233, 413, 465, 470, 731, 
733-734, 735, 791, 797 



Species Index 

C. frutescens, 233 
Carica papaya, 88, 97, 181 
C. stipulata, 89, 97, 103 
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Catharanthus roseus, 398, 400 
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Connamomum, 730 
Consolida orientalis, 40, 43 
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Convolvulus arvensis, 37, 474 
Coptis japonica, 40, 43 
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Coriandrum sativum, 86, 731, 
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Cornus stolonifera, 466 
Corylus avellana, 88, 635, 666 
Crambe maritima, 27-28 
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Crotdaria burhia, 30, 33 
C. juncea, 30, 33 
C. medicagenia, 30, 33 
Cryptomeria japonica, 182 
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Digitalis purpurea, 42-43, 160, 
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Eleusine coracana, 47 
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G. gigantea, 929 
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G. macrocarpus, 929 
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Gingko biloba, 242, 265 
Gladiolus, 183, 234 
Glomus, 926, 931, 933, 936 
G. cdbidus, 926 
G. caledonius, 928, 931, 932, 

933 
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G. fasciculatus, 933 
G. mosseae, in all of Chap. 34 
(but esp. 933) 
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Gloxinia, 183 
Glycine canescens, 30 
G. max 

eryopreservation, 791, 793 
DNA replication, 635, 636, 
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disease, S55, 858, 859-860 
gene transfer, 503, 504-505, 
508-509, 510-511 
growth regulators, 677, 680 
haploids, 234 

herbicide resistance, 444, 447, 
771 

intergeneric hybrids 298, 331- 
333, 608 

meristem culture, 183 
mutations, 402, 403-404, 419 
raycorrhizae, 933 
nitrogen fixation, 828-829, 831 
protoplasts, 132, 134, 135, 

163, 633 

root initiation, 29 
G. tomentella, 31 
Gossypium, 101, 131, 234, 327, 
640 

G. klotzschicouun, 90 
Grevillea rosmariifolia, 183 
Gunnera, 837 

Gypsophila paniculata, 183, 211, 
212 

Haplopappus gracilis, 134, 402, 
403, 552-553, 791, 796- 
797 

H. ravenii, 796-797 
Havorthia, 52-53, 759 
H. planifolia, 53 

H. setata, 750 

Hedera helix, 37, 88, 97, 103, 
465 
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Helianthus, 419, 638 
H. annuus, 546-549 
H. tuberosus, 681 
Helleborus foetidus, 234 
Helminthospa-ium carbonum, 861 
H. maydis, 372, 394, 872 
Heloniopsis annuus, 159 
H. orientalis, 53 
HemerocaLlis, S3, 94, 97, 109, 
160, 558, 563-564, 572 
Hemileia vastratrix, in ^ of 
Chap, 35, but esp. 
asepsis, 942-944 
morphology, 942-943, 946 
Heterodera glycinia, 884 
Hevea brasiliensis, 234 
Hibiscus esculentus, 884 
Hoplolaimus coronatus, 886 
Hordeum, 750, 762 
H. jubatum, 62 
H. vulgare 
chromatin, 689 
chromosome number, 62, 63, 
266, 544 

embryogenesis, 101, 106, 234 
gene transfer, 505, 507 
haploids, 250-251 
intergeneric hybrids, 298 
isoenzymes, 616 
mutations, 396, 398, 401 
phytohormones, 677 
protoplasts, 131, 137 
regeneration, 47, 50, 51 
salt tolerance, 472 
somaclonal variation, 751, 759 
H. vulgare x H. bulbosum, 250- 
251 

Hosta decorata, 184 
Humulus lufMlus, 730 
Hyacinthus hybrids, 54 
H, orientalis, 54, 255, 257 
Hyoscyamus albus, 234 
H. muticus, 137, 147, 234, 410, 
416, 417-418, 432 
H. niger, 23-24, 234, 239, 243, 
255, 490, 493-494, 496, 
667-668 

H. pusillus, 234 

Iberis amora, 27-28, 234 
Ilex aquifolium, 88 
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Impatiens bdlsamim, 788 
Indigo enneaphylla, 31, 33 
Ipomoea, 791, 798 
I. batatas, 37, 163, 857 
I. bicolor, 838 
Iris, 94 

Jasmin grandiflorum, 730 

Kalmia latifolia, 184 
Kickxia ramosissima, 413 
Klebsiella pneumoniae, 834, 839, 
844 

Lactuca sativa, 34-35, 184, 751, 
756 

Lathyrus sativus, 29, 31, 33 
Lens esculentum, 835 
Leptomeria bUlardierii, 257 
Liliam, 558-559, 751 
L. auratum, 54, 788 
L. japonicum, 54 
L. longiflorum, 52, 54, 62, 234, 
788 

L. rubellum, 54 
L. speciosum, 54, 788 
L, longiflorum + Trillium kamt- 
schaticum, 292 
Limnophila chinensis, 42-43 
Linum usitatissimum, 39, 134, 
791, 794 

Liquidambar styraciflua, 38, 89, 
93 

Lithospermum erytbrorhizon, 
721-726 

Lobularia maritima, 27-28 
Lolium, 751, 762, 791 
L. multiflorum, 46, 96-97, 109, 
137, 184, 191, 192, 234, 
800 

L. perenne, 243, 443 
L. temulentum, 800 
L. multiflorum x Festuca arundi- 
nacea, 48, 82, 234 
L. multiflorum x L. perenne, 45- 
46, 62, 184 

Lotus corniculatus, 31, 234, 412, 
421, 772, 791, 793 
Luffa cylindrica, 234 
L. echinata, 234 
Lupinus augustifolius, 844 
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Lycium halimifolium, 235 
Lycopersicon, 595 
L. esculentum 

aluminum resistance, 474-475 
androgenesis/anther culture, 
235, 253, 255 
bud culture, 184 
cold resistance, 463, 466, 477 
cryopreservation, 791, 798 
disease, 855, 857 
drought resistance, 473 
haploids, 255 

herbicide resistance, 445, 772 
intergeneric hybrids, 298, 343, 
368, 609 

mitochondrial and ehloroplast 
DNA, 367 
mutations, 427 
mycorrhizae, 933 
nematodes, in all of Chap. 33 
(but esp. 905-906, 909, 
914-915, 919-921) 
organogenesis, 17, 19, 21 
pollen culture, 243-244 
protoplasts, 131, 133, 140, 

155, 467 

salt resistance, 472 
L, glandulosum, 906 
L. hirsutum, 906 
L. peruvianum, 19-20, 63, 85, 

87, 147, 235, 472, 907 
L. pimpinellifolium, 235, 906 
L. esculentum x L. peruvianum, 
235, 906, 908 

L. peruvianum x L. esculentum, 

444, 446, 453 

Macleaya cordata, 90 
Mdlus, 185, 202, 210, 212, 235, 
467 

M. domestica, 184, 192, 789, 

791, 795 

M. pumila, 40, 184 
M. sylvestris, 184 
Mammillaria woodsii, 37 
Manihot esculenta, 38, 180 
M. utUissima, 185, 191, 201 
Mazus pumilis, 42-43 
Medicago sativa 

disease, 855-856, 857-882, 

864, 865-868 
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embryogenesis, 85, 89, 98, 104 
growth regulators, 677-678 
haploids, 258 

mutations, 396, 402, 403, 413 
nematodes, in all of Chap. 32 
(but esp. 883, 884-890) 
protoplasts, 133, 134, 160-161, 
295 

regeneration, 29, 31, 33, 836 
salt resistance, 470 
somaclonal variation, 751, 755, 
758 

storage, 791, 793-794 
Meloidogyne acrita, 907 
M. arenana, 905, 907 
M. incognita, 880, 884, 905, 907 
M. javanica, 905, 907 
Mentha piperita, 730, 732, 736 
M. viridis, 730 

Mesembryanthemum floribundum, 
40 

Micrococcus luteus, 505 

M. lysodeikticus, 509 
Muscari botryoides, 54 

Narcissus, 55 

N. biflorus, 83 

Nemesia strumosa, 131, 161, 838 
Nicotiana 

evolution, 595, 597-600 
in protoplast fusion, 293-294, 
307, 327, 344 
mitochondrial DNA in, 375 
somaclonal variation, 755 
N. acuminata, 15, 147 
N. cffinis, 235 
N. cfricana, 15 
N. alata, 15, 147-148, 235 
N. attenuata, 235 
N. chinensis, 333, 336, 340-341 
N. clevelandii, 235 
N. debneyi, 15, 148, 302, 368, 
375, 608 
N. digluta, 588 
N. excelsior, 586 
N. fwgetiana, 148 
N. glauca, 15, 147, 298, 331- 
332, 341, 599, 608 
N. glutinosa, 15, 235, 505, 588, 
857 

N. goodspeedii, 15 
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N. gossei, 586, 597-599 
N. knightiana, 235 
N. langsdaffii, 147-148, 235, 

258, 598-600 

N. longiflcva, 15, 147, 599 
N. megalosiphon, 15, 589 
N. nesophila 15, 148 
N. otophora, 15, 147, 149, 235, 
266, 597-600 
N. paniculata, 147 
N. plumbagin^olia, 15, 149, 235, 
343, 416, 417-418, 432, 
589, 600 

N. raimondii, 235 
N. repanda, 15, 148 
N. rustica, IS, 149, 235 
N. sanderae, 148, 235 
N. stocfctomi, 15, 148 
N, suaveolens, 15 
N. sylvestris 
chloroplast DNA, 599 
embryogenesis, 85, 87 
haploids, 235, 262 
herbicide resistance, 444 
hybrids, 394 

mutations, 394, 396, 399, 406, 
407-408, 419, 610 
protoplasts, 134, 145, 149 
RuBPcase, 588-589 
salt tolerance, 4J4, 469-470, 
472 

somaclonal variation, 751 
stress/cold resistance, 412, 

465 

N. tabacum 

anther culture, 98, 230-231, 
235, 239-242, 253, 255, 
258, 259, 269 

callus culture, 14, 64-65, 124, 
401, 446, 453-454 
chromosome number, 62-63, 
266, 558, 560, 751-752 
chloroplast DNA, 360-361, 
Chap. 17 

DNA replication, 635 
disease, 854, 857, 881, 872 
evolution of, 588, 595 
gene transfer, 504-505, 506, 
507, 510-511, 524, 526 
genetic studies, 338-339 
growth regulators, 690 
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haploid protoplasts, 248 
haploids, 258, 261-262 
herbicide resistance, 412-413, 
444-445, 446, 447, 448, 
449, 453-454, 772, 773, 

778 

homozygotes, 260 
hybrids, sexual, 16-17 
intergeneric hybrids, 298, 333, 
336, 844 

intraspecifie hybrids, 295, 301- 
302, 326-327, 338, 368, 
376, 383 

development of new crop 
strains, 269 

mitochondrial DNA, 372 
mutagenesis, 265, 415, 758 
mutant isolation, 427, 428-430, 
432, 449 

nitrogen fixation, 837-838 
photoautotrophic, 490 
poUen culture, 243-247, 667 
protoplast culture/regenera¬ 
tion, 138-140, 141-142, 
144-145, 149-150, 633 
protoplast fusion, 292, 293, 
328-329, 524 

protoplast production, 124. 

129-131, 133-134, 137-138 
regeneration, 14, 60, 64-65, 
124, 401, 446, 453-454 
root regeneration, 14-17 
RuBPcase, 584-596, 816-619, 
621-622, 624 

shoot regeneration, 14-15, 43 
somaclonal variation, 751-752, 
757, 758 

somatic embryogenesis, 82, 

101, 104 

specific mutants, 396-399, 400, 
401, 402, 403-404, 405, 
406, 407-408, 409-410, 
415-418, 417-418, 419, 

421 

storage, 263-264, 791, 798, 
819-823 

H plasmid, 343, 528 
N. tomentosa, 600 
N. tomentosiformis, 16, 588 
N. undulata, 589 
N. dlata X N. smderae, 148 


N. data + N. tahacum, 305 
N. debneyi + N. tabacum, 329- 
330, 344-345, 374, 375 
N. debneyi x N. tabacum, 16, 

372 

N. glauca + N. langsda^fii, 14, 
296, 297, 305, 325, 330, 
368, 374, 593-594, 608 
N. glauca + N. tabacum, 299- 
300, 305, 328-329, 341, 
342, 346, 608 

N. glauca x N. tabacum, 18, 586 
N. glutinosa + N. tabacum, 305 
N. knightiana + N. sylvestris, 
295, 296, 305, 342-343, 
368, 608 

N. knightiana + N. tabacum, 

295, 306, 307, 345, 346, 
368, 375, 405-406, 608 

N. nesophila + N. tabacum, 300, 
306, 307, 327-328 
N. otophora + N. tabacum, 300, 
306, 328 

N, plumbaginifolia + N. tabacum, 

296, 306, 325, 326, 368, 
384 

N. rustica + N. tabacum, 293, 
306, 368, 374, 608-609 
N. stocktonii + N. tabacum, 300, 
306 

N. suaveolens x N. glutinosa, 

751 

N. suaveolens x N. langsdorffii, 
235, 266 

N. suaveolens + N. tabacum, 

345, 594 

N, suaveolens x N. tabacum, 379 
N. sylvestris x N. otophora, 149 
N. sylvestris + N. tabacum, 295, 
296, 297, 300, 306, 307, 
326, 345, 368, 375-378, 
379-383, 406, 778 
N. tabacum x N. glauca, 16, 
299-300, 586 

N. tabacum x N. otophora, 149 
N. tabacum x N. sylvestris, 16 
Nigella arvensis, 159 
N. damascema, 90 
N. saliva, 90 
Nostoc rmcorum, 837 
Nuytsia flaribunda, 90 
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Oenothera, 360, 365, 367 
Ornithogalum nutans, 257 

O. thyrsoides, 52, 55 
Oryza sativa 

anther culture, 93, 236, 239, 
253, 255-256, 263 
chromosome number, 62, 266, 
544 

eryopreservation, 791, 801, 

809 

DNA polymerase, 637 
development of new crop 
strains, 269 
mutations, 396, 414 
nitrogen fixation, 839 
protoplasts, 134, 163 
regeneration, 47, 50 
salt resistance, 470 
somaclonal variation, 752, 757 
somatic embryogenesis, 93, 95, 
97 

Paeonia hybrida, 238 

P. lactifolia, 236 
P. lutea, 236 

P. suffruticosa, 236 
Panax ginseng, 88 
Panicwn, 752 
P. antidotle, 47 

P. maximum, 47, 93, 95, 97, 161, 
839 

P. miliaceum, 47-48, 51 
Papaver somniferum, 90 
Parthenium hysterophorus, 35 
Parthenocissus tricuspidata, 608 
Paspdlum notalum, 839 
P. scrobiculatum, 48 
Passiflora suberosa, 39 
Paulownia tomentosa, 92-93, 97, 
666 

Pelargonium, 38, 62, 161, 365, 
367, 752, 759, 762 
P. graveolens, 752 
P. hortorum, 236 
Pennisetum americanim, 93, 95, 
97, 101, 108, 155, 161 
P, purpurewn, 93, 95, 97, 839 
P. typhoideum, 48 
P. americanim x P. purpur&im, 
93, 95 

Peperomia, 39, 43 
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P. metalica, 363 
P. viridis, 39 
Pergularia minor, 88 
Perilla frutescens, 39, 732, 736 
Petroselinum hortense, 86, 336, 
608 

Petunia, protoplast fusion, 294, 
307 

P. axUlaris, 150, 236, 266 
P. hybrida 

anther culture, 238, 263 
chromosome number, 266 
gene transfer, 504, 505, 508- 
509 

haploids, 236, 248, 255, 257, 
258 

intergenerie hybrids, 298, 333, 
608 

intraspecific hybrids, 303, 368 
mutations, 397, 427, 475 
nitrogen fixation, 838 
organogenesis, 21-22 
protoplasts, 133, 144, 150-151, 
248 

somatic embryogenesis, 87 
P. irf-ata, 22, 151, 476 
P. parodii, 22, 151-152 
P. parviflma, 152 
P, pendula, 22 
P. \iolaceae, 151 
P. axillaris + P. hybrida, 368 
P. hybrida x P. axillaris, 236 
P. hybrida + P. parodii, 306, 

326, 608 

P. hybrida x P. parodii, 150, 510 
P. irflata + P. parodii, 306 
P. pcrviflora + P. parodii, 306 
Pharbitis nil, 236, 476 
Phaseolus aureus, 236, 835 
P. mango, 835-836 
P. vulgcris, 29, 31, 132, 135, 

164, 185, 236, 427, 472, 
476, 610, 858, 859-860 
Phellodendron amurense, 490 
Phleum pratense, 236, 551 
Phlox drummondii, 38 
P. subulata, 185 
Phoenix dactyWera, 94, 103, 

791, 800 

Phrc^mites communis, 45-46 
Phys(dis oifcekenfifi, 23 
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P. minima, 23-24 
P. perumana, 24 
Physcomitrella patens, 338 
Phytophthora i^estans, 411, 413, 
854-855, 857, 865, 872 
P. megasperma, 855-856, 858- 
860, 865-868 

P. parasitica, 854, 857, 865, 872 

Picea abies, 57, 58 

P. exoelsia, 465-466 

P. glauca, 57, 58 

Pimpinella anisum, 86 

Pinus, 242 

P. banksiana, 57-58 

P. palustris, 93 

P. pinaster, 57, 58, 163 

P. radiata, 58 

P. strobus, 58 

P. sylvestris, 57, 59 

Piper nigrum, 730 

Pisum sativum 

chromosome number, 552 
cryopreservation, 193-194, 

791, 794 
disease, 857 
DNA replication, 638 
growth regulators, 677-679, 
684, 685-688 
haploids, 236 

interfamilial hybrids, 333, 341 
meristem culture, 185, 191, 

835 

nematodes, 889 
protoplasts, 132, 164 
regeneration, 31, 33 
RuBPcase, 587 
virus elimination, 191 
Pithomyces chartarum, 858 
Paine iana regia, 236 
Populus, 236 
P. alba, 681 

P. euamericanus, 791, 799-800 
P. heterophylla, 41 
P. nigra, 186 
P. tremuloides, 41, 43 
P, yumanensis, 186 
PorUdaca gramiiflora, 838 
Pratylenchus, 881, 882, 883, 
890-893, 937 
P. agUis, 882, 886 
P. brachyurus, 881, 883, 886, 

890 
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P. coffeae, 888 
P. convallariae, 882 
P. crenatus, 882-883, 886, 888 
P. fallax, 881, 888 
P. loosi, 882, 888 
P. penetrans, 880-881, 883, 886, 
888-889, 895 

P. scribneri, 882-883, 886, 895 
Pratylenchus, 881, 882, 883, 
890-893, 937 
P. vulnus, 888 
P. zeae, 881, 886, 888, 890 
Primula obconica, 236, 263, 791, 
794 

Prams amygdalus, 40, 43, 62, 
186, 202, 236 
P. armals, 236 
P. armenica, 236 
P. avium, 186, 237 
P. cerasus, 186, 467, 791, 795 
P, cistena, 186 
P. insititia, 186 
P. marianna, 186 
P. persica, 186, 237 
Pseudomonas, 932 
P. fluorescens, 857 
P. pisi, 857 
P. solanacearum, 905 
P. tabaci, 401, 857 
Pseudotsuga menziesii, 57, 59 
Psophocarpus tetragonolobus, 29, 
31, 33 

Pterotheca fcdconeri, 35 
Puccinia graminis, 947 
Putranjiva roxburghii, 38 
Pyrus communis, 186, 216 

Quassia amara, 730 

Ranunculus sceleratus, 90-91, 

162 

Raphams sativus, 363, 681 
Rheum rhaponticum, 187 
Rhizobium, in all of Chap. 30 
(but esp. 828-838) 

R. japonicum, 828, 830, 832 

R. lupini, 838 

R. melUoti, 838 

R. trifolii, 838 

Wwdodendron, 187 

Ribes inebrians, 187 

Robinia pseudoacacia, 468, 474 
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Rosa, 164, 201 
R. damascena, 410, 420, 730 
R. hybrida, 40, 187 
Rotylenchulus reniformis, 884 
Rubus, 41, 43, 187, 211 
R. idaeua, 187 

R. rusinus x R. idaeus, 187 
Ruta graveolens, 732, 736 

Saccharum, 44, 46, 62-63, 557, 
564, 752, 759, 762, 773- 
777, 839, 843-844 

S. officinarum, 164, 752-753 
S. spentoneum, 237 
SaintpcoJdia ionantha, 237 
Salix matsudana x S. alba, 187 
Salmonella typhimurium, 508-509 
Salpiglossis simata, 23-24, 152 
Sambucus sieboldiana, 466 
Santalum acuminata, 41, 188 

S. album, 82, 91 
S. lanceolatum, 41, 188 
Sassafras randaiense, 189, 198- 
200, 203, 207, 215 
Saxifragra, 188 
Scilla sibirica, 55 
Scopdlia carniolica, 23, 237 
S. lurida, 23, 237 
S. pamiflora, 23-24 
S. physdloides, 23, 237 
Secale cereale, 51, 93, 237, 243, 
245, 259, 468, 551 
S, montmum, 237 
Sedum telephium, 38 
Senecio jacobea, 159 
S. sUvaticus, 159 
S. viscosus, 159 
S. vulgaris, 162 
Setaria montanum, 227 
Sinapis alba, 27-28 
Sisymbrium irio, 27-28 
Stum suave, 86, 103 
Solanum acaule, 467 
S. chacoense, 17, 298 
S. commersonii, 467 
S. dulcamcFa, 17-18, 152, 237 
S, etuberomm, 188, 193 
S. goniocdlyx, 799 
S. khasianum, 17-18 
S. laciniatum, 18 
S. luteim, 152 
S. mamosum, 237 
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S. meiongena, 17-18, 87, 131, 
152-153, 237, 610 
S. nigrum, 17-18, 153, 237 
S. permellii, 20, 472 
S. phureja, 153, 251 
S. sisymbriifolium, 17-18 
S. sucrense, 336 
S. surattense, 237 
S. tuberosum 

bud culture, 188, 194-198, 201 
202 

chromosome number, 286, 577 
cold resistance, 463, 467 
eryopreservation, 193 
dihaploid, 251 
disease, 411, 413, 854-855, 

857, 865-866, 872 
evolution, 595 
hapioids, 248 
herbicide resistance, 444 
intergeneric hybrids, 336, 343, 
388, 609 
nematodes, 889 
pollen/anther culture, 237, 

243, 259 

protoplast isolation, 129-130, 
132, 137 

protoplast regeneration/cul- 
ture, 140, 153-154, 248 
regeneration/caU us/shoots/ 
roots, 17-18, 60 
somaclonal variation, 753, 
755-756, 760, 762 
storage, 789, 791, 799 
S. verrucosum, 237 
S. xanthocarpum, 17-18 
S. chacoense + S. tuberosum, 

306 

S. phureja x S. chacoense, 153 
Sorghastrum nutans, 46 
Sorghum bicolor, 48, 51, 93, 95- 
97, 298, 753 

Spartina alterniflora, 839 
^inacia oleracea, 188, 490, 493, 
689 

Spirea bumcdda, 188 
Stellaria media, 188, 210 
Stevia rebaudiana, 34, 36, 189 
Stylosanthes guyamensis, 31, 33 
S. hamata, 29, 32, 33 
Suaeda mstrciis, 472 
S. maritima, 472 



962 

Tactona grads, 207-208 
Tanacetum vulgcre, 734 
Taraxacum cfficinde, 36 
Tectona grandis, 189, 215 
ThdLictrum urbaini, 91 
Thea sinensis, 730 
Theobroma cacao, 92, 731, 732, 
736 

Thuja occidentcdis, 59 

T. plicata, 59, 194 
Tobacco mosaic virus, 506, 525, 
855, 857 

Torenia fournieri, 34, 42-43 
Torreya nucifera, 242 
Tradescontia reflexa, 237, 258 
Trema aspera, 830, 837 
Trifolium alexandriram, 32-33, 

237 

T. arvense, 164 
T. incarnatum, 32, 753 
T. parviflarum, 933 
T. [x-atense, 29, 32, 33, 85, 90, 
237, 793-794, 933 
T. repens, 32, 162, 191, 412, 
444-445, 772, 793-794, 

836, 858, 933 

Trigonella corniculata, 29, 32 
T. foenumgracum, 29, 32 
Trillium kamtshaticum, 292 
Triticale (Triticum x Secale), 49, 
51, 93, 238 

Triticum, 595, 610, 839 
T. aegUopoides, 238 
T. aestivum 

anther culture, 93, 238, 253- 
254 

chromosome number, 62, 544 
development of new crop 
strains, 269 

haploid/monoploid, 251, 258 
protoplasts, 134 
regeneration, 48, 50 
somatic embryogenesis, 93, 96- 
97 

T. dicoccoides, 238 
T. durum, 48, 63 
T. longissiumum, 48 
T. monococcum, 48 
T. speltoides, 48 
T. tauschii, 48 
T. timepherii, 48 
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r. turgidum, 48, 753 

Turnip rosette virus, 525-526 

Tylenchorhynchus capitatus, 886 

T. vulgaris, 882 
Tylophora indica, 88 

UUnus americana, 131, 238 
Ustilago maydis, 932 

U. violacea, 261 

Vanilla {danifolia, 730 
Verbascum thapsus, 42-43 
Vida faba, 164, 238, 298, 333, 
508-509, 640, 836 

V. hajastana, 141, 184 
Vigna sinensis, 164, 505, 507, 

510, 524 

V. unguiculata, 189, 238, 838 
Vihtrio, 839 

Vinca rosea, 505, 507, 525 
Vitis, 92 
V. riparia, 783 
V. rupestris, 791, 795-796 
V. vinifera, 92, 97, 192, 215, 

238 

Withania somnifera, 238 

Zamia integrifolia, 93 
Zea mays 

anther culture, 238 
bud culture, 189 
chromosome number, 544, 551- 
552, 560, 754 
eryopreservation, 791, 801 
disease, 394, 411, 413, 872 
growth regulators, 674, 677, 
680, 684 
haploids, 258 
herbicide resistance, 444 
intergeneric hybrids, 298 
lysine in, 400-401 
mitochondrial DNA and CMS, 
372 

mutations, 398, 402, 403, 405 
nematodes, 890 
nitrogen fixation, 838, 840 
protoplasts, 135, 185 
RuBPcase, 587 
regeneration, 44, 45, 48-50, 

60 
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somaolonal variation, 753-754, Zingiber officinale, 94, 730 

757 
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Abscisic acid, 101, 107, 675 
Acid phosphatase, 907-909, 913- 
919 

Agar, 214 

Albinism, 45, 109, 293-295, 326 
Aluminum—see heavy metal 
resistance 

Amino acid analogs, resistance 
to, 395-402, 409, 427 
Androgenesis 

factors influencii^, 253-260 
from anthers, 239-242 
from pollen, 242, 247, 666-669 
somatic hybrids, 328 
Aneuploidy 

as a consequence of culture, 
34, 44, 62-63, 108, 134, 
557-558 

as a problem, 62, 65, 304-305, 
337 

in hybrids, 297-298, 304-305 
Anther culture (see ^so 

androgenesis), 229-239, 
667-668 

Anthocyanin, 718-721 
Anti-auxins, 101 
Antibiotic resistance, 405-408, 
427 


Asepsis 

of explants, 942-943 
in bud/meristem propagation 
(see also virus), 202-204 
in nitrogen fixation, 842-843 
of myeorrhizal cultures, 891 
Auxins, 63-65, 99-100, 206, 209, 
212-213, 259, 673-674, 
676-680, 685, 689 
Auxotrophic mutants, 295, 394, 
411, 415-416, 425, 428, 

432 

Bacteriophages, 504, 505, 508-509 
Bromodeoxyuridine (resistance, 
see purine and pyrimidine 
analogs), 415-416, 428, 
641-642 

Bud culture, in aU of Chap. 5, 
but esp. 190, 194, 201-202 

Callus 

disease resistance, 863, 872-873 
herbicide resistance, 446, 448, 
450-451 

initiation (explants), 60-61 
nematode culture, 885-890 
and nitrogen fixation, 837-838 
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Subject Index 

from protoplasts, 163-165 
sampling cells from, 554-555 
somaclonal variation, 756-757 
stress resistance, 446-447 
for use in cryopreservation, 

807, 809 

Carbon sources, 61, 103-104, 

130, 140-141, 259, 491- 
492 

Cell cycle, 340, 636 
Cell density, 106, 141-142 
Cell wall 

composition, 125-126 
elimination, in all of Chap 4, 
but esp. 125-129 
regeneration, 144-145 
Cellulase, 126-128 
Charcoal, activated, 103, 214, 
259-260 

Chlorophyll, in all of Chap. 13 
(but esp. 493, 494), 736- 
737, 743-744 

Chloroplast DNA/genes, 329-331, 
343-349, 359-367, 502, in 
all of Chap. 17 (but esp. 
596-602) 

Chloroplasts, 362-364, 489 
Chromatin, 664, 689 
Chromosome 

elimination, 250-251, 298, 332- 
333, 334, 336, 337, 340 
instability, genetics of, 341 
mosaicism, 63, 554, 555-557, 
558 

number in culture, changes in, 
34, 44, 52, 62, 63, 65, 
108-109, 242, 260-262, 
341, in all of Chap 16 
(but esp. 551-554, 570- 
572), 764 

number in culture, as source 
of variation, 265-268 
number, determination of, in 
all of Chap. 16 (but esp. 
543-545, 560-570) 
number in hybrids, 298, 300, 
304, 332, 334-335, 337 
separation in hybrids, 340-341 
transfer of, 527, 529 
translocations, 558-559 
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Cloning 

via bud/meristem, 178-179, 190 
cell-aggregate, 718-729 
defined, 7-8 
problems with, 557 
from protoplasts, 141-142 
via suspension cell, 553 
Co-eulturing, 142-143 
Colchicine, 261-262 
Cold tolerance, 411, 412, 464- 
468, 478 
Complementation 
in analysis, 338-339 
to select hybrids, 293-296 
Compositae 
organogenesis, 34 
Crop breeding and improvement 
disease and pest resistance, 

394, Chaps. 31, 32, 35 
herbicide resistance, 442-443 
hybridization, 91, 350 
new varieties, 410-414, 433, 
759-763 

stress resistance, 461-462, 481- 
483 

Crown gall (see also Agrobac¬ 
terium tumefaciens), 131 
Cruciferae 

organogenesis, 23, 25, 28 
Cryopreservation, 192-194, 262- 
263, Chaps. 27, 28 
protocols, 784-787, 807-811 
Culture vessels, 104-106, 214, 
492-493, 891-892 
Cycads, 93 

Cytokinins, 63-64, 100, 205-206, 
208-209, 211-212, 674-675, 
676, 680-681 

Cytoplasm, fate of in hybrids, 

329- 331 

Cytoplasmic hybrids. Chap. 9 
herbicide resistance, 778 
mitochondrial and chloroplast 
DNA in, 344-346, 349, 368, 
593-594 

protocols, 376-379 
Cytoplasmic male sterility, 304, 

330- 331, 344-345, 368, 
371-372, 375, 380-382, 588, 
595 



966 


Subject Index 


2,4-Dichlorophenoxyacetic acid 

(2,4-D), throughout text in 
passir^ (but esp. 141, 

661- 664, 677-680, 681- 
682, 689, 759, 771-774) 

Differentiation and morphogenesis 
during embryogenesis, in all of 
Chap. 20 (but esp. 658, 

662- 664, 865-666) 
in hybrids, 341-343 

for production, 735-738 
Disease resistance, 411, 413, 
427-428, 762, in all of 
Chap. 31 (but esp. 863- 
868 ) 

DNA polymerase, 636-637, 682 
DNA replication, in all of Chap. 
19 (but esp. 644-649, 657- 
658), 681-682 

in vitro, 643, 645, 646, 650 
Drought tolerance, 401, 428, 
472-474, 479-480 

Electrophoresis, in all of Chap. 
18 (but esp. 610-616, 620- 
623), 909-913, 916-918 
Embryogenesis (see also andro- 
genesis), in all of Chap. 3 
and Chap. 20, but esp,, 
explants, 97-98 
genetics, 664-665 
media and culture conditions, 
98-108, 661-664 
protocol, 109-110, 656-657 
Endomitosis, 260-261 
Ethionine, 758-759 
Ethylene, 106 

Evolution, molecular, 588, 595, 
597-600 

Explants, 4-7, in ail of Chap. 2 
(but esp. 60-61), 97, in 
all of Chap. 5 (but esp. 
200-204, 214-215) 
poUen/anther donors, 253-255 
and somaclonal variation, 757 

Flavors, Chap. 24 
Fraction-1 protein (see ribulose 
1,5-biphosphate carboxyl¬ 
ase) 

Forestry (see trees) 


Genetic engineering, 65-66, 217, 
521-526, 535-536, Chap. 

14, 844-845 
Genetic variability 
affecting culturability, 98, 

130, 253-254, 295-296 
pool of in crop species, 13, 

192 

somaclonal, 66, 109, 266, 

Chap. 25 

from somatic hybrids, 307-308 
Genetics, generally 
comparison between somatic 
and sexual hybrids, 347- 
348 

use of hybrids for analysis of, 
337-347 

Germplasm preservation (see also 
cryopreservation, low 
pressure storage), 110- 
111, 192-194, 262-263, 

543, Chap. 27 
by chemicals, 783-784, 788 
by drying, 783, 787-788 
by freezing (see cryopreserva¬ 
tion) 

slow growth, 789, Chap. 29 
Gibberellins, 100, 206, 675 
Graminaceae 

regeneration, etc., 43-44, 61 
somatic embryogenesis, 93, 97 
Growth 
induction, 6 
media, 2 
restrictions, 5 

Growth inhibitors, 101, 103, 107, 
789 

Growth r^ulators (see also 

auxin, cytokinin, indivi¬ 
dual compounds), 63-65, 
99-100, 107, 141, 205-206, 
208-209, 211-213, 239, 

258, 490-491, 571, in aH 
of Chap. 21 (but esp. 
682-688, 689-690) 
Gymnosperms 
pollen culture, 242 
regeneration, etc., 57-60 
somatic embryogenesis, 93 
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Haploidy, Chap. 6 
for isolation, 416, 422 
Heavy metal resistance, 426-427, 
474-475, 480 
Hemicellulase, 126-128 
Herbicide resistance, 412-413, 
427, in all of Chap. 11 
and Chap. 26, but esp., 
cross resistance, 446-447 
genetics of, 447, 456-457 
production of mutants, 447- 
449, 778-779 
protoplasts, 778 
regeneration of plants, 453- 
454, 775-777 

selection of mutants,' 449-453, 
777 

testing plants for, 454-456 
Histones, 664-665 
Homozygotes, production from 
haploids, 228, 260-261 
Hybrids, sexual 

mitochondrial and chloroplast 
DNA in, 365-367, 587-588 
and tumors (tobacco), 17, 291, 
347-348 

Hybrids, somatic (see also proto¬ 
plast fusion), in all of 
Chap. 7 and Chap. 8, but 
esp., 

compared to sexual hybrids, 
347-348 

cytoplasm and cytoplasmic 
DNA in, 368, 373-376 
fertility, 304, 307 
identification of, 593-595, 608 
selection of hybrids, 292-297, 
311-312, 374-376 
variability, 307-308 

Immobilized cells, 448 
Indole-3-acetic acid (lAA), in 
all of Chap. 21 (but esp. 
676, 679) 

Iron chelates, 99, 103 
Isoelectric focusing, 592-593, 

595-596, 609-611, 616-621 
Isoenzymes, in all of Chap. 18 
(but esp. 609, 623-624), 
666, 907-913 


Karyotype (see chromosome 
number) 

Leguminosae 

nitrogen fixation, in aU of 
Chap. 30 (but esp. 830, 
835-836) 

regeneration/organogenesis, 

29-33 

Light, 104, 207-208, 215, 492 

Liliaceae, 52 

Liposomes, in all of Chap. 15, 
but esp., 

for transfer of DNA and RNA, 
521-526 

formation of, 526-529 
and protoplasts, 523-525, 531- 
535 

separation from unencapsulated 
material, 529-531 

Long-term cultures, 65, 755 

Low oxygen storage, 789, 818- 
819 

Low pressure storage (see also 
germplasm preservation), 
789, in all of Chap. 29 
(but esp. 822-824) 

Maternal inheritance (see chloro¬ 
plast DNA, mitochondrial 
DNA) 

Media, general principles and 
effects of, 61, 676, 759 
androgenesis, 258-260 
cybridization, 379 
disease resistance, 864, 865, 
866 

embryogenesis, 98-104, Chap. 
20 

raeristem culture, 179, 190, 
205-214 

mycorrhizal culture, 932, 934- 
935 

nematode culture, 886-888 
photoautotrophy, 490-492 
for preservation, 808 
for production, 722-726, 734- 
735 

protoplast fusion, 308-314 
protoplast isolation, 129-130, 
140-141 
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regeneration, 61, 64, 155 
transport studies, 700-701 
Meristem culture, in aU of Chap. 
5, but esp., 
asepsis, 202-204 
explants for, 200-202, 204 
media and culture conditions, 
205-215 

protocols, 194-199 
Messenger RNA, 535, 661-662, 

668 

Micropropagation, in aU of Chap. 
5 (but esp. 177-179, 190, 
216-217) 

Mitochondria, 367, 369 
Mitochondrial DNA/genes, 330- 
331, 343-349, 369-372, 
380-382, 502 
Mitosis, 339-340 
Monocots 

difficulties with, 6 
regeneration, 43, 52-53 
Mutations (see also complemen¬ 
tation, auxotrophs) 
analysis of, 263, 265, 338-339, 
430-431, Chap, 10, 447 
isolation of 

cell lines to be used, 421- 
425 

methods: 393-394, 401-402, 
415-416, 426-430, 449- 
453, 478-480, 738 
production of, 425-426, 447- 
449, 478 

and somaclonal variation, 760- 
762 

stability of, 430-431 

Mycorrhizae, in all of Chap. 34, 
but esp., 
asepsis, 930-931 
nature of, 925-926 
sii^le-speeies culture, 926- 
930, 931-932 

two-member culture, 932-937 

1-Naphthaleneacetic acid (NAA), 
in all of Chap. 21 (but 
esp. 679) 

Nematodes (see also individual 
species), in all of Chap. 32 
and Chap. 33, but esp.. 


Subject Index 

asepsis and sterilization, 891- 
893 

culture protocols, 895-898 
media and culture conditions, 
884-890 

resistance to, 907-908, 919- 
921 

in soil, 893-895, 897-898 

Nitrate reductase, 406, 409-410 

Nitrogen fixation, in all of 
Chap. 30, but esp., 
in free-living bacteria, 829, 
833-835 

leghemoglobin, 832, 844 
nitrcgenase, 829 
in non-legumes, 837-841, 843- 
844 

symbiosis, 830-832, 835-841, 
843-844 

Nuclear fusion/segregation, 325- 
326, 340 

Nuclei 

DNA synthesis in, 643, 645- 
647 

DNA uptake by, 508-509, 513- 
515 

Organelles, difficulties of using 
in vitro, 9 

Organogenesis (see also regen¬ 
eration), in all of Chap. 

2, but esp., 
protocols, 60-65 

Osmosis (see also transport), 

468-469, 471-472, 709-710 

Parthenogenesis, 251-253, 255, 
257 

Peetinase, 126-128 

Phenolics, 213, 430 

Phenotype, differences between 
cultured and intact plant, 
455, 466 

Phloem, parenchyma culture , 2, 
7 

Photoautotrophie culture, in all 
of Chap. 13, but esp., 
protocols, 490-495 
sdeetion for, 492, 494-495, 
497 

Photosynthesis, in all of Chap. 



Subject Index 

13 (but esp. 495, 496, 

497) 

Phytoalexins, in all of Chap. 31, 
but esp. 855, 857-862, 
868-871 

Phytohormone receptors, 685-690 
Phytohormones (see growth 
regulators) 

Plating, of suspension culture 
cells, 429-430 

PoUen culture (see also anther 
culture), 242-247, 255, 
666-669 

Polyethylene glycol 
to mimic drought, 473 
in protoplast fusion, 292, 308- 
310, 533 

Polyphenols, 207, 208 
Polyploidy 

as a consequence of 
cell culture, 28, 34, 44, 62 
cell fusion, 145 
induction, 261 

Protein synthesis, 633-634, 658- 
660, 661-663, 682-683 
Protoplast fusion, in all of Chap. 
7 and Chap. 8, but esp., 
fusion of more than two, 297, 
324-325 

interfamilial, 297-298, 331-333, 
340, 341, 350 

intergeneric, 297-298, 334-337, 
340-341, 343, 349-350, 

595, 608, 844 
interspecific, 304 
intraspecific, 301-304, 374-375 
protocols, 308-312 
Protoplasts, general, 8-9, Chap. 

4 

budding, 144, 250 
chilling of, 466-467 
culture, 140-143, 755-756 
disease resistance, 872-873 
DNA replication in, 633-636 
DNA uptake by, in all of 
Chap. 14 (but esp. 511- 
512, 514-515, 516) 
haploid, 247-250 
isolation 

enzymes, 125-128 
protocolsi 129-140 


for use in mutagenesis, 423, 
453, 778 

and liposomes, 508-511, 523- 
525, 531-535 

regeneration, 145-165, 298-299 
somaelonal variation, 755-756 
transport in, 706, 707-709 

Purine and pyrimidine analogs, 
402-405 

Radiation (see also ultraviolet), 
476 

Radioactive tracers 
autoradiography, 637-639 
incorporation of, 635-636, 698- 
700 

Recombination, in mitochondrial 
and chloroplast DNA, 346- 
348 

Regeneration 

chromosome number and, 558, 
559 

differences from cultured cells, 
454-456 

of herbicide-resistant plants, 
453-454 

of stored plants, 789-790, 810- 
811 

of stress-tolerant plants, 480- 
481 

organogenesis and embryo- 
genesis compared, 110-111 
protoplast, 124-125, 145-162 
via embryogenesis. Chap. 3 
via organogenesis. Chap. 2 
(but esp. 60-65) 

Restriction endonucleases, 597- 
601 

Ribulose 1,5-bisphosphate car¬ 
boxylase, 330, 344, 360, 
362, in all of Chap. 17 
(but esp. 584-596), 608- 
610, 616-619, 621-622, 

624 

RNA synthesis, 658-662, 667- 
668, 681-682 

Root culture (see also meristem), 
6, Chap. 5 

Root regeneration 
from buds, 211-215 
for use in karyotyping, 560- 
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561, 566-567 

Salt tolerance, 411, 413-414, 
468-472, 478-479 
Salts, in media, 61, 98-99, 128, 
140, 213-214 

Secondary metabolic production, 
111, Chap. 23, Chap. 24 
Shikonin, 721-726 
Shoot culture (see also meri- 
stem), 6, in all of Chap. 

5 (but esp. 198-200) 
Solanaceae 
chloroplast DNA, 361 
protoplasts, 145-156, 610 
regeneration, 14, 23 
Somaclonal variation, 66, 109, 
Chap. 25 

Sporopollenin, 249-250 
Staining, 568, 614-616, 911-912 
Stress tolerance (see also cold, 
drought, salt tolerance, 
etc.), in all of Chap. 12, 
but esp., 
assaying, 624 

genetics of, 462-463, 481-483 
physiology of, 463, 482 
protocols for, 476-481 
Subculturing 

necessity of, 28, 63, 109, 210 
nematode cultures, 890 
Suspension cultures, 33, 63, 64, 
65, 104, 110, 142 
chromosome instability, 62, 
555-556 

for mutant isolation, 422-424, 
447, 451-453 

Synchronous cultures, 106, 108, 
339-340, 632, 636, 640- 
641, 644, 657 
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Temperature, 104, 135, 206-207, 
215, 255, 257 

Tissue culture, defined, 6-7 

Totipotency (see also regenera¬ 
tion), 7-9 

Transfer RNA genes, 360-362, 

371 

Tt'ansplanting, 215-216 

Transport (see also osmosis), in 
all of Chap. 22, but esp., 
assay principles, 698-704, 709- 
710 

assay protocols, 706-709 

Trees 

bud cultures, 179, 190, 203, 
210, 211, 214-215, 216- 
217 

regeneration, 43, 57, 60 

Tumorigenesis 
in hybrids, 17 

Ultraviolet light, 425, 447-448, 
475 

Variability 

assaying, 143, 789-790, 811- 
812 

of chromosome number, 62-63, 
108-109, Chap. 15 
possible causes. Chap. 16 in 
passing (but esp. 570-572), 
642-643, 650, 763-764 
of regenerated plants, 458, 

758 

somaclonal, 66, 109, Chap. 25 

Viruses, elimination of, 190-191, 
195-196, 201-204, 217 

Wildfire disease (see Pseudo¬ 
monas tabaci) 
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